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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command isa
coordinated series of handbooks containing basic information and fundamental
data useful in the design and development of Army materiel and systems. The
handbooks are authoritative reference books of practical information and quanti-
tative facts helpful in the design and development of Army materiel so that it
will meet the tactical and the technical needs of the Armed Forces. Several of
these handbooks give the theory and experimental data pertaining to interior,
exterior and terminal ballistics. The present handbook deals with the interior
ballistics of guns.

This handbook, Interior Ballistics of Guns, presents fundamental data, fol-
lowed by development of the theory and practice of interior ballistics, with appli-
cation to rifled, smooth-bore snd recoilless guns. Included in the presentation arc
studies pertaining to heat transfer, temperature distribution and erosion, together
with standard and experimental methods of measurements. Finally, ignition, flash
and other special topics are explored.

This handbook has been prepared as an aid to scientists and engineers en-
gaged in military rescarch and development programs, and as a guide and ready
reference for military and civilian personnel who have responsibility for the
planning and interpretation of experiments and tests relating to the performance
of military materiel during design, development and production.

The final text is the result of the joint writing efforts of R. N. Jones, H. P.
Hitchcock and D. R. Villegas, of the staff of John I. Thompson and Company,
for the Engineering Handbook Office of Duke University, prime contractor to
the Army Research Office-Durham. Many valuable suggestions were made by the
Interior Ballistics Laboratory and Development and Proof Services at Aberdeen
Proving Ground, Picatinny Arsenal, Frankford Arsenal and Springficld Armory.
During the preparation of this handbook Government establishments were
visited for much of the material used and for helpful discussions with many techni-
cal personnel.

Elements of the U. S. Army Materiel Command having need forhandbooksmay
submit requisitions or official requests directly to Publications and Reproduction
Agency, Letterkenny Army Depot, Chambersburg, Pennsylvania 17201. Con-
tractors should submit such requisitions or requests to their contracting officers.

Comments and suggestions on this handbook are welcome and should be
addressed to Army Rescarch Office-Durham, Box CM, Duke Station, Durham,
North Carolina 27706.
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CHAPTER 1

DISCUSSION OF THE PROBLEM

1-1 INTRODUCTION

The imparting of high velocities to projectiles
requires tremendous force. The source of the energy
which supplies these forces must be readily nianu-
factured, easy to transport, and capable of being
safely applied. At various times, proposals have
been made for utilization of energy provided by
nicans other than explosives, such as compressed
air, electromagnetic force, and centrifugal force.
Thus far, however, no results have been attained
from any of these sources which approach those
realized froin chemical explosives.

Interior ballistics of guns (that branch of ballistics
dealing with iiiotion imparted to a projectile by a
gun) comprises a study of a chemical energy source,
a working substance, and the accessory apparatus
for controlling the release of energy and for directing
the activity of the working substance. Of allied
interest is the mechanical functioning of guns and
accessories. General information on the types of guns
and their construction and functions is given in
Reference 1. References applicable to each chapter
of this Handbook are given at the end of the chapter.

Since unnecessary weight is an unjustified logistical
extravagance, weapons are designed to operate under
greater extremes of temperature and pressure than
are usually encountered in the use of nonmilitary
engines. Because the time cycle involved is quite
small, there is not sufficient time for the consununa-
tion of slow processes such as heat transfer. Con-
sequently, it is necessary that the chemical energy
source also furnish the gaseous products which in
theiiiselves constitute the working substance. This
energy source may be a solid propellant, as in niost
guns, or a liquid fuel and oxidizer source, such as
is soiiietimes used in rocket propulsion.

Propellants are studied froiii several aspects.
Thermodynamic properties indicate the release of
as much energy per unit weight as may be con-
sistent with other demands. Studies of the mech-
anisim of decomposition indicate the effects of uncon-
trollable parameters such as ambient temperature.
Dyunamics of the gases are necessarily a subject of
investigation because the kinetic energy of the

1-2

propelling gases is an important part of the total
energy of the process. The study of motion of a
projectile inside the gun tube is not a matter of
simply applying Newton’s laws to the motion of
the projectile regarded as a point mass, but a
complicated study of the rate at which the high
temperature gas is evolved froin the propellant; the
niotion of the gas so produced; and the effect of
this gas on the motion of the projectile itself. The
passage of the projectile stresses the tube niechan-
ically and subjects the interior of the barrel to siding
friction. The passage of high temperature gases, in
addition to the high pressures generated, heats the
barrel to the extent that chemical interaction with
the nietal itself occurs.

Interior ballistics is defined as the branch of
applied mechanics which deals with the motion and
behavior characteristics of projectiles while under
the influence of the gases produced by the propellant.
As an applied science it is still much of an art
and largely empirical. The phenomena with which
it deals are explicable in ternis of well established
physical and chemical principles. Unfortunately, the
phenomena are coniplex and related in subtle and
obscure ways so that considerable experience and
judgment are necessary in the application of the
principles if trustworthy theoretical results are to
be derived. There occur in the formulation of the
theory quantities which are difficult to determine
by independent measurement because their proper
values for particular cases depend in obscure ways
on the particular circumstances of the case con-
sidered. They have the nature of empirical correction
factors whose values can frequently be estimated
only from the results of numerous examples in-
volving comparison of the theory used with the
records of actual firings. The beginner is, therefore,
forewarned to be on his guard. All theoretical results
should be as firmly backed up by coniparison with
actual firings as is possible. In this sense the theory
serves as a nieans of interpolation between, or
extrapolation from, existing designs.

The subject of interior ballistics of guns has been
investigated through more than 200 years, starting
with the invention of the ballistic pendulum in 1743.



A very extensive literature has been built up, and
many excellent texts are available. For general
background, the texts prepared by Corner’ and
Hunt® are recommended. More specific treatments
have been made by Bennett* and Taylor and Yagi®.
A consolidated NDRC report, written by Curtiss
and Wrench", covers the work done during World
War 11. A general treatment of the probleiii with
applications to guns is given in Reference 7.

1-2 GUNS

1-2.1 Definition

The term gun iu this handbook, unless otherwise
indicated, may be taken in its general sense, that is,
a projectile-throwing device consisting essentially
of a projectile-guiding tube, with an incorporate or
connected reaction chamber in which the chemical
energy of a propellant is rapidly converted into heat
and the hot gases produced expand to expel the
projectile at a high velocity.

1-2.2 Classification

kl'or convenience of discussion guns are classified
according to their salient features, functions, modes
of operation, etc.' The boundaries of these classifica-
tions are not always clearly defined, and the classi-
fications and nomenclature are often traditional.
The classifications arc useful, however, and are in
conmnon use. The principal one is based roughly
on size and portability and classifies guns as siiiall
arms and artillery. Small ariiis are in genecral less
than 30mm in caliber and are usually portable by
foot soldiers. Artillery consists of the larger weapons
usually mounted on carriages and moved by other
than human power. Small arms are iiiore variable
in design and function. They include such weapons
as rifles, machine guns, pistols, etc. Artillery weapons
include guns (specific),, howitzers and niortars. Guns
(specific) include those firing usually at lower cleva-
tion and higher velocity, and howitzers include those
which operate in general in a lower velocity range.
The latter can be fired at high angles and use
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zoned charges, that is, charges which are loaded
in separate increments and can be varied within
limits by the gunner. Mortars operate at high angles
like howitzers but operate at still lower velocities
arid are generally loaded from the muzzle. They are
siniple in design and can be broken down and trans-
ported by foot soldiers.

1-2.3 Action Inside the Gun

A gun is essentially a heat engine. Its action
resembles the power stroke of an autoiiiobile engine
with the expansion of hot gases driving the pro-
jectile instead of a piston (Figure 1-1). When the
charge is ignited, gases are evolved from the surface
of each grain of propellant, and the pressure in
the chamber increases rapidly. Resistance to initial
niotion of the projectile is great, and relatively high
chamber pressures are attained before much motion
of the projectile takes place. In the solution of the
interior ballistics problem, fictitious starting pres-
sures are assumed, which work well in practice.

The chamber volume is increased by the niove-
ment of the projectile, which has the effect of
decreasing the pressure; however, the rate of burning
o the charge increases. The net effect is a rapid
increase in the propellant pressure until the point
of iliaxiniuiii pressure is reached. This occurs at a
relatively short distance froiii the origin of rifling.
Beyond that point, pressure drops and, at the
niuzzle, reaches a value considerably less than
iliaxiniuiii pressure, probably of the order of 109
to 309, thereof, depending upon the weapon design
and the propellant. This iiiuzzle pressure continues
to act on the projectile for a short distance beyond
the niuzzle. Thus, the projectile continues to ac-
celerate beyond the muzzle.

A special form of this method of propulsion is
represented by the recoilless system (E'igure 1-2).
Here recoil forces are countered by the discharge
of gases through a nozzle at the breech. The rate
of discharge of gases can be controlled by controlling
propellant burning, thus permitting a balance of
the momentum of the gun-propellant gas-projectile

FIGURE 1-1. Recoil Gun System.
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system. The interior ballistic problem here is not
only one of combustion but of balancing the orifice
diameter against thrust required to maintain a mean
recoil velocity of the weapon at zero. The propellant
weight in this case exceeds that for a comparable
recoil gun by a factor of 2 to 3. The pressure-travel
curve is designed for minimum muzzle velocity
consistent with satisfactory exterior ballistic per-
formance, thus permitting the use of a thin gun
tube which is necessary to maintain the charac-
teristic light weight of this weapon. The subject
of recoilless weapons and other leaking guns is
covered more fully in Chapter 2 of this handbook.

1-3 PROJECTILES

Projectiles, like guns, exist in a great varicty of
designs, depending upon the intended use. Since
most of the design characteristics do not affect the
interior ballistics, we shall consider only a few. The
most important of these factors is the inass of
the projectile. This must always be taken into
account in the foriiinlation of interior ballistics
theory, as it has a major effect on acceleration and
velocity of the projectile, as well as on the propellant
pressure at all points.

Another very important characteristic is the de-
sign of the rotating band on those projectiles which
arc to be spin stabilized. The band is slightly
larger than the tube diameter and iiiust be swaged
to the tube diameter and engraved by the rifling.
The result of this process is a high initial resistance
to motion of the projectile, which means that the
gases must build up a relatively large starting pres-
surc before the projectile has moved appreciably.
This has an important effect on the interior ballistics,
particularly on the maximum pressure reached and
the time at which it occurs. This variable is largely
eliminated in recoilless weapons in which the rotating
band of the projectile is preengraved to fit the rifling.
It is also eliminated in smooth bore weapons which
fire fin-stabilized projectiles. Here an important
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factor is the amount of clearance between the
projectile and the tube, as this determines the
leakage of gas around the projectile. The principal
weapon having this problem is the mortar. Here,
with muzzle loading, the clearance niust be sufficient
to permit the escape of air so that the projectile
will slide down the bore and strike the firing pin
with the impact energy required to initiate the
primer.

Only one other characteristic of the projectile need
be mentioned and that is the axial moment of inertia
for spin-stabilized projectiles. And here the effect
on interior ballistics is quite small, as the energy
of rotation normally represents only a fractional
percent of the energy of translation of the projectile.

1-4 DISTRIBUTION OF ENERGY

As an indication of the relative magnitude of the
factors involved in utilizing the energy developed
by the burning of the propellant in a medium caliber
recoil gun, the followingpossible distribution is given :

Energy Absorbed Co of Total
Translation o projectile 32.0
Frictional work on projectile

(Due to engraving of rotating

bands and wall friction) 2.0
Translation of propellant gases 3.0
Heat loss to gun and projectile 20.0
Sensible and latent heat losses in

propellant gases 42.0
Rotation of projectile and translation

of recoiling parts (cach about 0.1%;

and residuals in approximations total) 1.0
Propellant potential, E 100.00

Distribution of the available energy o the
propellant charge is discussed in Chapter 2, as
basic to the solution of the interior ballistics problem.

1-5 PRESSURE-TRAVEL CURVES

In order that the projectile niay acquire the
designated muzzle velocity, and that the pressures



developed to accomplish this do not damage the
weapon, all tubes arc desigiicd in accordance with
a desirable pressure-travel curve for the proposed
weapon.”

The pressure-travel curves (IFigure 1-3) indicate
the pressurc (or force if pressurc is multiplied by
the cross-sectional area of the bore) existing at the
base of the projectilc at any point of its motion.
Hence, the area uiider any of the curves represents
the work done on the projectile per unit cross-see-
tional area, by the expanding gases.

It the areas under curves 4 and B arc cqual,
then the work performed in each of these cases will
be cqual, and the niuzzle velocities produced by
each of these propellants will be the same, since

WORK = KF = tMV®

The fact that curve A exceeds the pernissible
pressure curvc cannot be tolerated.

Should it be desired to increase the inuzzlc velocity
of a projectile, the work performed, or the area
under some new curve, iiiust be greater than the
arca under a curve giving a lower muzzle velocity.
Such an increase iii velocity is indicated by curve C
whose maximum pressure is equal to that of curve B,
but whose area is greater than that under B. It
appears that the ideal piessure-travel curve would
be one which would coincide with the curve of
permissible pressure; however, if it were possible to
design a propcllaiit capable of producing such a
result, many objectioiiahlc occurrences would take

place. In addition to producing excessive crosion
(a factor which would materially decerease the
accuracy life of the gun), brilliant flashes arid non-
uniforiii velocities due to high muzzle pressure would
result: Moreover, the chamber would have to bc
materially inereased and this would affect the weight
and hence the iiiobility of the gun. As a result of
experience, the velocity prescribed for a particular
gun is always somewhat below the maximum which
it is possible to obtaiii; aiid the propellant graiii
most suitable for producing this result is the onc
which will give the prescribed velocity uniformly
from round-to-round without exceeding the permis-
sible pressure at any poit in the bore.

1-6 CONTROL OF INTERIOR BALLISTIC,
PERFORMANCE

Consideration of the dcsired relatioilships between
gas pressure and projectilc velocity necessary to
meet the demands iinposed for the achievement
of desired ballistic performance has been discussed
in a general sense; however, it remains a fundamental
problem of interior ballistics to determine arid
evaluate the influence of all variabies of the problcin.
The solutioii inay be based on theoretical analysis,
established cmpirical relationships, or detailed,
nicticulous experimentation.

The variables basic to the problem include the
following :
in of the

a. Variation chemical  composition

propellant.

Projectile velocity
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1-7 EFFECTS OF PROPELLANT GRAIN

CHARACTERISTICS

Asswining proper ignition of all propellant graius,
the characteristic shaping of pressure-travel or pres-
sure-time relationships for the gun systeiii is depend-
ent on such variables as grain coinposition (quick-
ness), grain size, grain configuration, and density
of loading. Although in a final design all factors
may be involved, it is of basic importance to note
first the independent effects of such variables.

Propellant compositions (single-base, double-base,
nitroguanidine, etc.) and definitions of configura-
tions (degressive, neutral and progressive burning
propellants) arc discussed in subsequent paragraphs
of this chapter. Performance of gun systeiiis is
usually demonstrated using pressure (1°)-travel (u)
coordinates, although pressure-time relationships are
often used in experimental investigations.

In each case discussed iu this paragraph, initial
burning rates are directly related to area exposed
for the total number of grains per charge; hence,
it is difficult to consider the influence of single
factors without making allowance for the total arca
initially exposed to kindling teinperatures. I'or any
pressure-travel curve, the shape of the curve is
affected by the variables shown in E’igure 1-4. LFor
a given pressure-travel curve (Iigure 1-4) the slope
of the curve in the region (1) to (2) is dictated
by ignition characteristics and total area initially
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exposed to burning. The region (3) to (4) will be
governed primarily by the grain configuration. The
methods of manufacturing propellants and determin-
ing and maintaining the desired configuration of
the propellant grains are covered in References 7
and 9.

1-7.1 Grain Configuration

Exposed burning area as a fdnction of “‘percent
grain consumed” (E‘igure 1-10) offers a key to the
effects of configuration on pressure-travel relation-
ships. As indicated in Figure 1-5, changing con-
figuration to a more progressive burning design
(employing grains of the saiiic initial surface area,
coiiiposition, and total charge weight) results in
lowered peak pressures (with peak pressure occurring
later in the cycle) and in higher niuzzlc pressure
when compared with degressive grains. Ior identical
charge weight, areas under the curve are approx-
imately equal. In order to mect requirements for
equal initial surface arcas for the total charge,
the degressive grains must be the smallest of the
designs considered.

1-7.2 Grain Size

For a fixed weight of charge of similar composition
and configuration, shaping of pressure-travel rela-
tionships may be accoiiiplished by varying the initial
area exposed to burning by varying grain size.
Similar effects illustrated in Figure 1-5 result as
grain size is increased (Figure 1-6).

Siniilarly, comparative results of independently
varying coinposition (quickness) or web thickness
(acombination dof size and configuration parameters)
can be demonstrated. In adapting such relationships
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to specific gun systeiiis, a compromise of their char-
acteristics must be utilized. Hand and shoulder
weapons require pressure-travel relationships that
minimize iiiuzzle blast at the expense of reaching
high peak pressures and, characteristically, utilize
“quick”, degressive, small-grained propellant de-
sign. High peak pressures, avoided in larger guiis
because of design problems of the gun tubes, are
nminimized by propellalit designs based on ‘‘slow,”
progressive or neutral burning configurations of
large size,

1-7.3 Density of Loading

The various types of guns, with different calibers
aiid lengths, and each with its own iiiuzzle velocity
requirenient, present special problems for the pro-
pellaiit designer. The lengths of travel of the pro-
jectile in the bore and, consequently, the times of
its travel, differ greatly. In addition, the voluine
of the chaiiiber and the weight of the projectile
introduce elements which iiiust enter into the selec-
tioii of a propellant for a gun.

Since iiiuzzle encrgy is directly dependent on
the amount of charge burned, it becomes necessary
to consider feasible means for increasing the total
amount of energy made available to perform useful
work done oun the projectile. It is possible, by
choosing increasingly large charges of slow pro-
pellants, to obtain increased velocity without ex-
ceeding the maximum allowable pressure. Efficiency
will be correspondingly lowered; hence, it is not
advantageous to fire slow propellant in a gun not
designed for it. Irregularity in muzzle velocity is
closely associated with overall efficiency. If the
burning rate is lowered enough, unburned propellant
is expelled in varying aiiiouiits, increasing irreg-
ularity, iiiuzzle blast, and flash. With slower pro-
pellants, the point of maximuin pressure occurs
later, thus demanding stronger, and therefore
heavier, construction over the length of the tube.
Conversely, increasing the weight of charge of
propellant of given quickness increases the maximum

PROGRESSIVE

i)

FIGURE 1-5. Effects of Grain Configuration an Pressure-
Travel Cuwrves. (Charge weight is equal in each case.)
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FIGURE 1-6. Effects of Independently Varying Grain Size.
(Charge weight is equal in each case.)

pressure attained and causes it to occur soonecr in
the travel of the projectile.

1-8 BLACK POWDER*

Black powder, once the oiily available propellant,
is no longer used for that purpose. It is still of
interest because of other niilitary uses. It is manu-
factured as siiiall, shiny black grains. The ingredients
are usually finely pulverized potassium or sodium
nitrate, charcoal, aiid sulfur which are incorporated
into an intimate mechanical mixture. The charge
is pressed into a cake and pressed or extruded to
the desired grain size ahd shape. The grains are
glazed with graphite to prevent caking and ac-
cumulation of static electricity. The potassiuiii or
sodium nitrate (about 759) acts as an oxidizing
agent, while charcoal (about 159;) and sulfur (about
109;) are coiiibustibles. Sulfur also lowers the
ignition teiiiperature of the iiiixture from 340°C
to 300°C.

Black powder is uo longer considered suitable as
a propellant because of its many objectionable
features and because of the developiiient of newer
propellants in which the undesirable qualities have
been overcome or improved. It is difficult to control
accurately the burning speed of black powder. Con-
sequently, the range of a projectile propelled by it
may vary. Black powder is too easily ignited, being
extremely sensitive to heat and friction, and there-
fore, must be handled very carefully. It is hygro-
scopic, which requires that sealing precautions be
taken to retain stability. Its strength is relatively
Jow and the large amount of solid residue which
it leaves makes smoke reduction difficult. Flash
reduction is also a problem with black powder.

Black powder, in its several grades, is still used
for the following military purposes:

a. Propellant igniters in artillery ammunition.
b. Delay elements in fuzes.

* Additional information on black powder will be found
in Reference 9.
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Saluting and blank charges.
. Spotting charges for practice ammunition.
e. Safety fuse (burning rate, 1ft in 30-40 seconds).
f. Quickmatch (burning rate, 9-120ft per second).

Qe

1-9 GUN PROPELLANTS*
1-9.1 Present Gun Propellants

Present gun propellants are forms of nitrocellulose
explosives with various organic and inorganic addi-
tives. They may be divided by composition into
classes of which two, the single-base and double-base,
are the most common. Both classes are manufactured
in quantity in a variety of shapes including flakes,
strips, sheets, pellets, or perforated cylindrical grains
(Figure 1-7). The cylindrical grains are made in

* Additional information on gun propellants will be
found in Reference 9.

12-IN. PYRO

8-IN.-FNR

various diameters and lengths, depending on the
size of the gun. Figure 1-8 shows, to approximately
Z full size, grains for various calibers of guns. The
grains for a caliber .30 cartridge are 0.032 inch in
diameter and 0.085 inch long, while those for a
16-inch round are 0.917 inch in diameter and 2%
inches long. The perforations shown in Figure 1-7
are for the purpose of controlling the rate of gas
liberation as well as burning time.

1-92 Burning Time

The burning time can be controlled by the follow-
ing nieans :

a. The size and shape of the grains including the
nuniber of perforations (Figure 1-7).

b. The web thickness or amount of solid propellant
between burning surfaces; the thicker the web, the
longer the burning time (Figure 1-9).

TI55-MMT 105-MM

FIGURE 1-8. Sizes o Some Typical Grains.
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¢. The quickness or rate of burning of the pro-
pellant.

d. The percentages of volatile materials, inert
materials, and moisture present. A 1% change in
volatiles in a low volatile content propellant may
cause as much as a 109, change in burning rate.

1-9.3 Burning Action

Unconfined smokeless propellant burns with little
ash or smoke. Wheii confined, its rate of burning
increases with temperature and pressure. In order
not to exceed the permissible chamber pressure of
the weapon, the time of burning of the propellant
is controlled. At constant pressure the tiiiie of burn-
ing is proportional to the amount of exposed pro-
pellant surface. Therefore, a propellant charge is
made up of accurately sized grains o specified shape.

Since the grains burn only on exposed surfaces,
the rate of gas evolution for a given propellant will
depend upon the area of the burning surface. For a
given weight of propellant the initial burning surface
will depend upon the form and dimensions of the
grains. As burning continues, the rate of combustion
and of pressure variation will depend upon how the
area of surface changes, that is, upon the rate of
area increase or decrease. Figure 1-10 shows, for
typical grain configurations, the relation between
percent of grain consumed and area of burning
surface.

The rapidity with which a propellant will burn
depends upon the chemical composition, pressure,
and area exposed to burning. The quickness of a
propellant is a relative term only, expressing its
rate of burning compared with others. A quick
propellant will burn more rapidly and produce a
higher pressure in a given gun than a slow one.
Propellants of fixed weight, c¢hemical composition,

and grain geometry may be made quicker by de-
creasing size, thus increasing burning area.

1-9.4 Degressive Burning

The total surface of a propellant grain changes
with burning, and on cord and strip forms the
surface area of the grain decreases. The burning
action of these grains is classified as degressive.

1-9.5 Neutral Burning

As a single-perforated grain burns, the outer
surface decreases and the inner surface increases.
The result of the two actions is that the net burning
surface remains approximately the sanie, The burn-
ing of this type of grain is known as neutral.

AREA OF BURNING SURFACE

i A L

i
0 20 40 60 80 KO

PERCENT BY WEIGHT
OF GRAIN CONSUMED

i i i 1 A

FIGURE 1-10. Relative Areas & Burning As a Functicn of
Percent of Individual Grain Consumed, for Several Typical
Grain Shapes.
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1-9.6 Progressive Burning

When the inultiperforated grain burns, the total
surface area increases since the perforated grain
burns froin the inside and outside at the same time.
This type of burning is called progressive (Figure
1-9). When a niultiperforated grain is not coinpletely
consumed, as may be the case when a reduced
charge is used, portions of the grain remain in the
form of slivers and may be cjected as such from the
weapon. The rosette grain (Figure 1-7) was designed
to reduce the formation of slivers.

1-9.7 Single-Base Propellants

Single-base propellants are essentially gelatinized
nitrocellulose to which various organic substances
are added either to produce improved qualities or
for special purposes. Single-base propellants are
amber, brown, or black in color, depending on the
additives present.

Single-base propcllant is rather insensitive. In fact,
it is difficult to ignite, requiring a powerful primer
and additionally, in large ammunition, a black
powder igniter. It ignites at 315°C. In the open,
single-base propellant burns very niuch like celluloid.
Seemingly, this explosive is very safe but the fact
should not be overlooked that, although it is used
as a low explosive, it is an organic nitrate and may
detonate if burned in large quantities. It may also
detonate sympathetically froin the detonation of
other explosives, although in actual practice this
rarely occurs. Single-base propellant is more power-
ful than black powder, giving off 1000 calories and
900 cubic centimeters of gas per grain, compared
with 700 calories arid 300 cubic centimeters per grain
of black powder. It has a burning speed of 0.1 to
18 centimeters per second at pressures up to 60,000
pounds per square inch.

Single-base propellant is unstable and decoinposes
in hot moist storage. It is hygroscopic, although not
as hygroscopic as black powder. Nitrocellulose in
the presence of nioisture hydrolizes to free acid,
which takes the form of oxides of nitrogen. These
oxides accelerate the decoiiiposition, building up
heat to an ignition temperature, and spontancous
conibustion iiiay result. Addition of a chemical
stabilizer brings the stability to acceptable limits.

To summarize, the characteristics of single-base
propellants are:

a. Controlled burning. The burniiig time of single-
base propellants can be controlled to a point where
the maxilnum propelling effect is obtained.

b. Sensitivity. Ignition is difficult, and the pro-
pellant is reasonably safe.
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c. Stability. The propellant is unstable, but this
can be controlled to within acceptable limits by the
addition of stabilizers.

d. Residue. There is some residue and smoke.

e. Manufacture. This is complicated but safe.
Raw materials are plentiful.

f. FErosive action. Single-base propellant crodes the
bore, but not quite as much as black powder. Its
isochoric adiabatic flame temperature is 2400°K
to 3000°K.

g. Flash. This is caused by hot gases which ignite
when they come into contact with oxygen at the
muzzle. It can be controlled by adding cooling
materials to the propellant.

Single-base propellant can be produced in a form
lacking most of the objectionable features.

The propellant grains for small arms are usually
glazed with graphite to facilitate machine loading
and to prevent the accumulation of static electricity,
arid thus present a black, polished appearance. Since
the grains are small, they ignite more readily and
burn more freely than cannon propellant. When
moisture is present or abnormal temperatures pre-
vail, they are subject to more rapid deterioration
than the larger grains.

1-9.8 Double-Base Propellants

This forin of propellant is essentially a combina-
tion of nitroglycerin and nitrocellulose with certain
additives to give special properties. The nitro-
glycerin increases the potential and reduces hygro-
scopicity, the latter improving the stability. The
color of the grains is gray-green to black, and the
fornis are the same as for single-base propellant.

Double-base propellant is more sensitive than
single-base propellant, igniting at 150°C to 160°C.
It dctoiiates more readily than single-base propellant
and can be made to yield a higher potential and
liberate more heat, but produce a smaller volume
of gas. The burning rate, generally faster than that
of single-base propellant, can be controlled similarly.

The characteristics of double-base propellants are,
I suminary :

a. Controlled burning. Burning can be controlled,
as with single-base propellants.

b. Sensitivity. This is greater than for single-base
propellant, slightly increasing hazard.

c. Stability. Double-base propellants can be made
stable by the addition of stabilizing ingredients.

d. Residue. Since there is not so much inert
material, there is little solid residue. Smoke can
be controlled.

e. Manufacture. Not as safe as single-base pro-



pellant due to presence of nitroglyecerin. Raw
materials are readily available.

f. Erosive action. High temperature aiid heat of
explosion froin the higher potential double-basc
propellants cause more erosion than results from
use of single-base propellants.

g. Flash. As in the case with single-base pro-
pellants, flash can be controlled to a certain extent
by the use of additives. The presence of nitro-
glycerin accentuates the tendency to flash by in-
creasing the flaiiie temperature.

Double-base propellants have limited use in
artillery weapons and in small arms in the U. S
They are widely used in mortars, where erosion is
not an important factor. However, they are used
as the standard propellants in most other countries.
The U. S. Army and Navy both evaluated single-base
and double-base propellants in guns prior to World
War I and decided in favor of the former due to
their lesser erosive effect.

1-99 Nitroguanidine (Triple-Base) Propellants

A propellant containing nitroguanidiiie in addition
to nitroglycerin and .nitrocellulose as principal in-
gredients is commonly referred to as a triple-base
propellant. This type of propellant was developed
in Great Britain during World War II as a result
of research directed toward obtaining a propellant
with desirable properties such as cool burning, low
crosion, and flashlessness, without decrease in
stability or potential. The British have designated
their nitroguanidine propellant as Cordite N. The
nitroguanidine propellant, designated M-15, de-
veloped by the United States, represents an interim
solution for selected rounds of ammunition where
the flash or obscuration problem is critical and
where its special properties are particularly needed.

The M-15 propellant has a ballistic potential
comparable to single-base propellants currently in
use but with a lower erosive effectand less tendency
to flash.

1-9.10 Solvent Emulsion Propellant (Ball Powder)

A radically different manufaeturing process uses
a volatile solvent to forni propellant in sniall grains
of spherical shape, designated Ball Powder.* The
sizes of the grains are appropriate for use in small
arms. The propellant is produced by dissolving wet
nitrocellulose in a solvent (ethyl acetate) with
additives. When a protective colloid is added and
the solution is agitated, small globules are formed.

* Trademark of Olin Mathieson Chemical Corporation.
Reference 9 contains additional information.

When the volatile solvent isremoved by evaporation
the globules solidify, and when coated, dried, and
graphited, become balls or spheres, A wide variety
of double-base and single-base compositions niay be
produced by this technique. Because of the econoiiiy
and speed with which this powder can be manu-
factured, this propellant has promise in future
applications not limited to small arms.

1-9.11 Characteristics of Standard Propellants

The compositions of soiiie of the standard and
experimental (M and T designations, respectively)
propellants, and soiiic of the theriiiodynaiiiic and
calorific values of them are given in Table 1-1.
The practice, as illustrated therein, of specifying
certain additives, coatings and residues as percent-
ages of the total of the principal constituents,
resulting in over 1009 total contents, is standard
in the explosives field.

1-9.12 The Rate of Burning

Since the burning of a propellant occurs only on
the exposed surfaces, the smallest dimensions be-
tween the exposed surfaces become the critical dimen-
sions, as it determines in general when the propellant
will be completely consumed. This critical dimension
is called the web. As was explained in discussion
of the progressive, niultiperforated grain, burning
through of the web is followed, in this case, by
burning of the slivers. A corrected forni of multi-
perforated grain is the rosette, illustrated in Figure
1-7. With the exception of niultiperforated grains,
all forms of propellant grains are completely con-
sumed when the web is burned through.

In the iiinltiperforated grains, having seven sym-
metrically located perforations, Figure 1-9,the web
niay be calculated from the formula

w = 0.25(D — 3d) (1-1)
where
w = web thickness
D = outside diameter of the grain
d = diameter of the perforations.

Experimental measurements show that the rate
of burning of a propellant is primarily dependent
on the pressure under which the reaction proceeds
and this dependence may be expressed approxi-
mately by the pressure to some power.

The mass rate at which gas is produced may then
be expressed as

dc

P pSBP*

(1-2)



where

¢ is the mass of propellaiit burned

{ the time

P the pressurc

B the burning rate coefficient

a tlic burning rate prcssurc exponent
p the specific iiiass of the propellant
S the area of the burning surface

The dependence of the burning surface area on
the remaining web as the charge is consumed can
be calculated from the geonictry of the grain by
assuniing that this geometry docs riot change during
burning, i.e., that the linear burning rate is the
same at all points on the burning surface. kor
propellant in thin sheets, the area of the edges is
negligible and the surface is constant during burning.
For single pcrforated eylinders, if S, is the initial
surface and f the fraction of the web burned through

S =8, — 2xNfw(D, Fd,) (1-3)

where N is the number of grains in the charge.
The second terin on the right arises from the
combined effect of the change in the area of the
end surfaces and the reduction in length of the
grain. Otherwise, the decrease in the outer diameter
is compensated by the increase in the inner diameter.
If the second term can be neglected, the burning
surface is constant. 1'or single perforated grains of
the usual proportions, the mnegleet of this second
term gives a surface area, at burnout of the charge,
which is approximately ten percent too high. That is,
the charge is actually somewhat degressive. I'or
seven perforated grains, the charge is progressive
until the web is burned through; after which it is
degressive.

A relation such as Equation I-3, which takes
account of the effect on the rate of gas evolution
of the changing burning surface area, is called the
form function of the granulation. This function is
simple for sheets, cords and long single perforated
grains or tubes. For seven perforated grains, it is
complex, especially after splintering. I'or the simple
shapes it is expressed as a polynomial in the remain-
ing web, but for seven perforated grains it is often
given in tabular form. Formulas for the surfaces
for complex shapes are given in Reference 10. I'or
other formulations of the form function see Refer-
ences 2, 3 and 6.

In practice the difference in the interior ballistics
for single and multiple perforated grains is not as
great as theory indicates. In calculating the surfaces
from the geometry, the assumption is made that
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the ignition is simultaucous over all surfaces. This
is never the case in practice. k’or the seven perforated
charges the degressive burning of the slivers remain-
ing after the web is burned through tends to reduce
the progressive character of the early burning. Also
the burniiig rate is influcuced not only by the
pressurc but also by the flow of the gas over the
grain and within tlie perforations. The shape of the
grains is riot exactly maintained during burning.
Lixeept, thercfore, for highly degressive grains such
as cords, the assumption of a coiistaiit burning
surface is adequate.

With this assuimnption, the burming smface of the
charge niay be calculated by the formula

2¢

S = P (1-4)

where
C is the iiiass of charge

In practice, the rate at which gas is evolved
depends on the detailed counditions under which
the charge is burned. A standard iiicthod for de-
termining burning rates is to burn the charge in
a closed chaiiiber at constant voluiiic aiid measure
sinmultancously the pressure and its time derivative.
Then, i the relation between ¢ arid [ is kuown,
a value for the buruing rate cocfficicnt, B, can be
derived by the usc of Equations 1-2 aiid 1-4. The
coefficient,, B, so determined, is also called the
closed chaiiibcr burning rate coefficient, and it is
used mainly for coniparativc purposes arid for
standardizing propellant lots. The details of the
iiiethod are given in References 3 and 7.

The closed chaiiiber burning rate coefficient rarely
yields good agreement with observation i used in
interior ballistic calculations for guns. The condi-
tions in the gun are very different, and the burning
rate coefficient must be determined by adjustment
to the results of actual firings. By observing the
results of numerous firings when fitted to a given
formulation of the theory, the user can estimate
a burning rate coefficient for a particular case which
then can be adjusted to the actual casc in question.

The burning rate pressure index, a, varies for
different propellants, but the latest cxperinients
indicate that it lies between 0.8 and 0.9. A figure
as low as % has been used by some authors, and
frequently it is assumed to be equal to unity. In the
latter case, the solution of the equations of the
theory can be given analytically, otherwise this is
not possible and numerical methods must be used.
With the development of high speed coniputing



TABLE 1-1 CALCULATED THERMOCHEMICAL
VALUES FOR STANDARD PROPELLANTS
(INCLUDING RESIDUAL VOLATILES)

(Located 1n the back of this
handbook)
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nachines, this is not the disadvantage it once was.

The value of « inay be determined froiii closed
:hamber mecasurements. The iiicthods are described
u Reference 3.

1-9.13 Energy of Propellants

The propellant gas is a complex mixture of several
rases and for the mixture to have the saiiie properties
of independence of energy froin density) all changes
n equilibrium which occur must be equivoluminar
md  independent of the density. This in effect
estricts the theory to “cool” propellants,” that is,
o those for which the teinperature is riot high
nough to produce significant dissociation of the
nain constituents of the gas inixture. To the approx-
mation of the assumed equation of state, each
wopellant formulation has a definite explosion tem-
erature. Thus, the decoiiiposition of a unit mass
f propellant always liberates the same amount of
nergy which then heats the product gases to the
ame temperature independent of the density. For
nost propellants, the iiiost important equilibrium
3 the water gas equilibrium and since this equilib-
ium is equimolar, the assumed equation of state
s sufficiently accurate for use in the interior ballistic
heory of guns. The use of a 1more accurate equation
f state would greatly complieate the theory and
vould not be justified in view of other simplifying
ssumptions and approximations which are always
a1t of any foriiiulation of the theory. In treating
he thermochemistry of propellants, however, a inore
ccurate equation of state must be used. Extended
reatinents of the thermochemistry of propellants
re given in References 1 and 5.

It is standard practice in the forinulation of
iterior ballistic theory to assume an equation of
tate of the simple covoluiiie type. This is an equa-
ton of state of the Van der Waals type with the
a’ term omitted but not the ‘4’ term and is
nown as the Abel equation of state. l'or a gas
beying such an equation of state, the internal
nergy depends only on the teiiiperature and not
n the density. The Abel equation is expressed as

P(V — ) =nRT (1-5)

1 interior ballistics it is usually written in terms
f a unit weight of gas, so that V" and » have dunen-
ions volume per unit weight and # is the number
f moles per unit weight. Many authors also define
{ as the gas constant per unit weight so that »

* “Cool” propellants may be defined roughly as those

or which the uncooled explosion temperature is not greater
han 3000” K.

does not appear explicitly in the equation. B so
defined is riot constant unless # is also.

If T, is the adiabatic flame temperature, the
energy released by the deeomposition of unit weight
of propellant, called the “force’ of the propellant,
although it has the diiiiensions of energy per unit
weight, 1.e., length, is defined by

F = nRT, (1-6)

The force ean be determined experimentally by
burning a charge of propellant in a closed chamber
(i.c., at constant volunic) and iiicasuring the maxi-
mum pressure produced and using Equation 1-5,
along with suitable eooling corrections. To do this
requires a knowledge of  which can be determined
simultancously by firing a series of charges of dif-
ferent masses and iiicasuring the corresponding max-
Imum pressures.

Table 1-1 includes values of the force for a
number of standard and experimental gun pro-
pellants. Foree and other therniodynaniic paraiiietcrs
of propellants can be calculated theorctically if the
necessary thermoehemieal data are available. Re-
sults of extended calculations of this sort are given
in Reference 11. The subject is also covered briefly
in Reference 9.

During the operation of the gun, the gas is pro-
duced at teinperature, T, arid falls to a lower
teinperature, 7, due to the loss of heat to the tube
and the performance of work during the expansion.
The change in internal energy per unit mass of gas
ean be expressed as C,(Ty, — T) where C, is an
average value of the specific heat of the gas at
constant volume averaged over the tciiiperature
range, (T, — 7). This energy is used in heating
the gun and in imparting kinetic energy to the
projectile, the gas, and moving parts of the weapon.
The quantity C,T, is called the specific energy or
potential of the propellant.

It is assuiiied in interior ballistics that the average
specific heat at constant volume, C, bears the same
relation to p, the gas econstant, as the specific heat
at constant voluiiie for a perfect gas does, so that
it may he stated nR = C,(y — 1). However, v is
riot now the actual ratio of specific heats, but is
analogous to it, its value being adjusted for best
fit to the theory used. In effect, ¢, is replaced by

nk/y — 1. Then, from Equation 1-6, f F
denotes the potential, €, 7,

. F

B=—T -7

FE represents effectively the total encergy available
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from unit mass of propellant. It is equal approx-
imately to the internal energy of unit mass of the
propellant gas at the adiabatic flame temperature,
T,, which is given by [5° C, d7.

The equation of state of the gas in the gun is
written as

P(U, — cy) = cnRT (1-8)

where ¢ is the mass of propellant burned, equal
to the mass of gas, and U, is the actual volume
of the gas. Actually the pressure is not uniform
throughout the mass of gas, nor is the temperature,
so both P and 7 are unknown average values
consistent with the equation as written, and P, U,, ¢
and T are rapidly varying functions of the time.

n and n are also variable, but less so, so that average
values can be used.

If it 1s assumed that the internal energy, I, of the
gas can be represented by c¢C,T with sufficient
accuracy, then

= P(Un _071)

I p—

(1-9)
and the general energy equation of interior ballistics
can be written

cF PU, — cy)
v —1

+ K (1-10)

y—1"

where K is the encrgy expended by the gas in the
doing of work and in heat conducted to the gun.



REFERENCES

AMCP 706-250, Engineering Design Handbook,
Guns— General.

J. Corner, Theory of the Interior Ballistics of
Guns, John Wiley & Sons, N. Y., 1950.

I". R. W. Hunt, Internal Ballistics, Philosophical
Library, Ine.,, N. Y., 1951.

A. A. Bennett, Tables for Interior Ballistics,
War Dept. Document No. 2039, 1921. Revision
and expansion directed by H. P. Hitchcock,
BRL Report No. 993, 1936 and BRL Technical
Note No. 1298, 1960.

W. C. Taylor and I. Yagi, A Method for Com-
puting Interior Ballistic Trajectories in Guns for
Charges of Arbitrarily Varying Burning Surface,
BRL Report No. 1125, 1961.

C. F. Curtiss and J. W. Wrench, Jr., Interior
Ballistics, A Consolidation and Revision of Pre-

10.

11.

vious Reports, Interior Ballistics I to VII, Na-
tional Defense Research Coininittee Report No.
A-397, DDC Document No. ATI 24855,
AMCP 706-247, Engineering Design Hand-
book, Design for Projection.

ARICP TOG-233, Engineering Design Handbook,
Gun Tubes.

ARICP 70G-175, Engineering Design Handbook,
Solid Propellants, Part One.

Jerome M. Frankle and Jones R. Hudson, Pro-
pellant Surface Area Calculations for Interior
Ballistic Systems, BRL Aemorandum Rcport
No. 1187, 1939.

Paul G. Baer and Kenneth R. Bryson, Tables
of Computed Thermodynamic Properties of Mil-
itary Gun Propellants, BRL Memorandum Re-
port No. 1338, 1961,



OTWE D2 nn

Co
Cr

Cy

SIS

a

Qe sy e
3

~

N

CHAPTER 2

LIST OF SYMBOLS

Area of the cross section of the bore, in®
Area of the cross section of a nozzle, in®
Leakage area, in®

Acceleration, in/sec®

Throat arca of nozzle, in®

Sonic velocity in gas, in/sec

Burning rate coefficient, in/sec-P*
Momentum index, dimensionless

Weight of the propellant, 1b

Weight of propellant for ideal rifle, 1b
Thrust coefficient, dimensionless

Weight of propellant burnt, 1b

Specific heat at constant volume, in-lb/12
slugs-"I1C

Caliber of the gun, diameter of the projectile
body, in

Specific energy of the propellant, in-lb/Ib
Standard specific energy of the propellant,
in-1b/1b

Ballistic efficiency, dimensionless

Specific force of the solid propellant, in-1b/1b
Engraving force, 1b

Thrust force, 1b

Similarity factor, dinlensionless

Momentum factor, dimensionless

Heat loss ratio, dimensionless

Gravitational acceleration, in/sec’

Internal energy of the gas, in-lb

Axial moment of inertia of the projectile,
1b-in-sec®

Work done by the gas, in-1b

Axial radius of gyration of the projectile, in
Leakage factor, dinlensionless

Reduced chamber length, dimensionless
Effective mass of the projectile, 12 slugs
Modified effective mass of the projectile,
12 slugs

Log, 10 (approximately 2.3026)

Momentum of gun, 1b-sec

Angular velocity of the projectile, rad/sec
Proportion of the propellant that is in a
recoilless rifle in gaseous form, dinlensionless
Lead of rifling, dimensionless

Space average pressure, 1b/in®

P/, dinlensionless

Reduced pressure, dimensionless

T R R RO

Heat loss, in-1b

Quickness (Bennett), dimensionless

Rate of flow, Ib/in*-sec

Empirical quicltness factor, (in°/1b)?

Weight of gun and recoiling parts, 1b

Gas constant, in-1b/1b-°K

Linear rate of regression, in/sec

Ratio of actual to tabular velocity, dimen-
sionless

Ballistic parameter, dinlensionless

Empirical velocity factor, (Ib/in®)}

Surface area of the grains, in®

Space ratio (expansion), dimensionless
Energy of the fraction of the charge burned,
in-lb

Temperature, "IC

Ratio of the gas temperature at any time
after burnt to the mean value during burning,
dimensionless

Adiabatic flanic temperature, °K

Time, sec

Reduced time, dimensionless

Dimensionless time

Free volume, in®

Volume from nozzle throat to base of pro-
jectile in recoilless rifles, in®

Chamber volume, in®

Volume of the propellant gas, in’

Specific volume of the solid propellant, in®/Ib
Specific volume of the gas, in®/1b

Specific volume of water: 27.68 in®/Ib
Velocity of the projectile, in/sec

Leakage velocity coefficient, in/sec

Velocity of the recoiling parts of the gun and
carriage, in/sec

Sonic velocity in air, in/sec

Diinensionless projectile velocity

Average projectile velocity after burnt, in/sec
Velocity of gas, in/sce

Weight of the projectile, 1b

Effective projectile weight (Strittmater), 1b
Effective projectile weight, b (Mayer and
Hart; and Bennett)

Web thickness, in

Travel of the projectile, in

Axial coordinate of the projectile, in
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Dimensionless travel

Volume expansion ratio: U.,/U, dimen-
sionless

Ratio of inuzzle pressure to peal; pressure:
P../P, dimensionless

Piczonetric efficiency, dimensionless
Burning rate exponent (assumed = 0.8)
Differential coefficient: (CaV,,)/(V,aC), di-
niensionless

Escape speed of gas, in/scc

Differential coefficient: (CaP,)/(P,8C), di
inensionless

Burning rate coefficieiit (linear law), in*/1b-sec
Differential coefficient: (U..dV..)/(V.,.dU..),
dimensionless

Differential coefficient: (U7..0PF,)/(P,0U..),
diniensionless

Ratio of specific heats of the gas (assumed
effective value: 1.30)

Differential coefficient: (X,8V,.)/(V.8X,.),
dimensionless

Ratio of specific heats of the gas, adjusted to
take account of loss of heat to the gun,
diinensionless

Density of loading, specific gravity of loading,
dimensionless

Differential coefficient: (AdV,.)/(V,.04), di-
mensionless

Pidduck-Kent constant, dimensionless
Differential coefficient: (AaP,)/(P,0A), di-
mensioless

Interior ballistic parameter, in-1b

Interior ballistic parameter: gaw/BC\}, di-
mensionless

Specific covoluiiie of the gas, in®/Ib
Differential coefficient: (Wa¥V,)/ (V. .oW),
dimensionless

Differential coefficient: (WaP,)/(P,0W), di-
iiiensionless

Factor accounting for rotational energy and
frictional resistance (assumed value : 0.05)
Fraction of total energy available to pro-
jectile : Katsanis factor, dimensionless
Differential coefficient (wdV,.)/(V,.0w), di-
mensionless

Ky Differential coefficient: (wdP,)/(P,0w), di-
mensionless

A Differential coefficient: (£aV,)/(V,0F), di-
mensionless

A Differential coefficient: (EdP,)/(P,3E), di-
mensionless

p(w) Pressure function, dimensionless

M Ratio of throat arca to bore arca: A,/4,
dimensionless

v(w)  Travel function, dimensionless

4 Dependent variable : o/(dK/dT), dimen-
sionless

T Pressure factor, 1h/in®

P Specific weight of propellant, 1b/in’®

o Ballistic parameter: FpSB/A(y — 1), di-
mensionless

7(w) Time function, dimensionless

T Time unit, sec

¢ Independent variable: log (7/E), dinien-
sionless

¢ Proportion of the propellant burned, dinien-
sionless

¥ Ballistic parameter, function A, dimensionless

w Dependent variable (K/T)?, diiiiensionless

Subscripts

0 Initial value: when ¢ = 0

1 Characteristic of fast propellant in dual
granulation charge

2 Characteristic of slow propellant in dual
granulation charge

a Of atmosphere

b At end of burning: “burnt” value

¢ Chamber value: at breech

e At nozzle exit

i Either lor2

m Muzzle value: when base of projectile is at
niuzzle

n Nozzle opening

P At peal; or theoretical iiiaxiiiiuiii

7 In reservoir

T Space iiiaxiiiiuiii at any instant

s At base of projectile

t Tabulated value (Bennett)

t At nozzle throat



CHAPTER 2

THEORY AND PRACTICE OF INTERIOR BALLISTICS

2-1 INTRODUCTION

There are numerous systems of interior ballistics.
Different ballisticians have formulated the theory
in various ways. Their systems, if they are not
purely empirical, do not differ essentially since they
are treatments of the same thermodynamical and
mechanical phenomenon. They differ in the sim-
plifying assuinptions made, that is, mainly in degree
of complexity and sophistication of treatment and
in the details of the inathematical procedures. For
many practical problenis, very simple formulations
are adequate and these are iiiuch used. However,
with the widespread and increasing availability of
high speed autoiiiatic computers the inore coni-
plicated formulations can be used without too iiiuch
expenditure of time and effort.

There are five general equations which are used
in the forinulations of interior ballistic theory. They
arc: (1) the equation of state of the-propellant
gases; (2) the equation of eth’Qjﬁ?) the equation
of motion; (4) the burning rate equation; and. _(5)
the equation of the form function. The first two
of these are related, as the first is involved in the
formulation of the second ; therefore, only four equa-
tions are basic to any particular forniulation of the
theory.

The form of the equation of state of the propellant
gases generally used in interior ballistics has been
discussed in Chapter 1 and is given in Equation 1-8.
The equation has been shown, by experience, to be
sufficiently accurate for the purpose.

The equation of energy has also been discussed
in Chapter 1 and its form is given in Equation 1-10.
The equation of energy is a statement of how the
energy released by the combustion of the propellant
is distributed during the operation of the gun.

The equation of motion is the formulation of
Newton's second law as applicable to the interior
ballistic problem. It relates the forces due to the
gas pressure to the acceleration of the projectile.

The burning rate equafjgn takes account of the
rate at which new gas is being gencrated in the gun
by the combustion of the charge. Thisrate is assumed
to be a function only of the pressure, under which
the combustion takes place, and the arca of the

reacting surface. The form of the equation used
here is given in Equation 1-2.

I the reacting surface is not constant, it is
necessary to introduce the form function to account
for the effect of the changing burning surface on
the rate of generation of gas in the gun. Except
for very degressive granulations, the assumption of
constant burning surface is generally sufficiently
accurate and this assumption is made in the explicit
treatments which follow.

2-2 STATEMENT OF THE EQUATIONS
2-2.1 The Energy Equation

There is presented here first the formulation due
to Taylor'. The fundamental units used in the
Taylor system arc the inch, pound (weight) and
second. This niakes mass a derived unit with dinien-
sions weight over gravitational acceleration. With
the length unit the inch, the unit of niass is cqual

to 12 slugs.
The energy equation may be stated simply as
T=K+1I @1
where

T is the energy released by the amount of charge
which has been burned

K the work done by the gas, plus encrgy lost b
heating the barre% gas p & Y

I the internal energy of the gas
By Equation 1-10

cF
where F is now defined as the energy per unit
weight of propellant (specific force) and by Equa-
tion 1-9

_ PU, —cn)

1 Y —1

(2-3)
where U, is the volume occupied by the gas. X, the
work done by the propellant gas, consists of several
parts.

a. The principal part is the translational kinetic
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energy of the projectile, equal to WV?/2g where
W is the weight of the projectile, V its velocity
and g the gravitational acceleration.

b. Treating the gases and unburned propellant
as a fluid consisting of the gases and burning solid
grains thoroughly mixed, and supposing the tube
to be cylindrical (that is, neglecting chambrage),
an approximation of Lagrange in which the density
of the fluid is assumed independent of position may
be used for ordinary velocities. Then the velocity
of this fluid increases linearly from 0 at the breech
to V at the base of the projectile; the average
velocity is V/2, and the mean square velocity is
V?/3. Hence, the kinetic energy of the unburned
propellant and the gas is C'V?/6g, where C is the
weight of the propellant charge.

¢. The projectile, propellant, and recoiling parts
of the gun and carriage may be considered a systeni
whose initial momentum is zero and remains so
providing there is no recoil mechanism or shoulder
of the user to prevent free recoil. Under this assump-
tion, if R is the weight of the recoiling parts and
—V. their velocity, the momentum ¢quation is

% (WV + CV/2 — RV.) = 0 (2-4)

wherice

v +RC/2)V 2-5)

Therefore, in free recoil, the kinetic energy of the
recoiling parts is

w T o/

T (2-52)

For standard weapons, the ratio (W + C/2)/R is
of the order of 0.02. The energy of recoil is, there-
fore, a very small fraction of K. The recoil velocity
is much less than that given by Equation 2-5; as
the energy is absorbed in cannon by the recoil
mechanism. In nonautomatic small arms fire the
energy is transferred to the body of the man firing
the weapon. The energy of recoil can be neglected
without serious effect.

d. The rotational kinetic energy of the projectile is

IN®
2

(2-6)

where

7, is the axial moment of inertia and
N is the angular velocity.

2-4

The axial moment of inertia may bc expressed as

r o

(2-6a)
where
k is the axial radius of gyration
The angular velocity is
N =2xV/nd (2-7)

where

n is the lead or twist of rifling in calibers, that is,
the number of calibers in which the land makes
one complete turn and

d is the caliber
By substitution, it is found that

ILN* (@) Wy
2 T \nd/ 2g¢

(2-8)

For most guns, n is between 18 and 32 calibers,
say 25. For a solid cylinder, (k/d)* is 0.125; but
for high explosive projectiles, it is about 0.14. There-
fore, the factor (27k/nd)® is approximately 0.01.

e. The work done against the frictional resistance
to the motion of the projectile, including the en-
graving of the rotating band, is equal to a small
proportion of the translational kinetic energy, say

oWV?
29

It 6, is taken to be constant, this is equivalent to
assuming that the resistance is proportional to the
pressure. The value of 6, is usually of the order
of 0.04.

f. The heat transferred from the hot gas to the
gun is denoted by Q. Adding the contributions a. to f.

. wvocv o ar oy
29 6g 29k
2N\ WV |
PEED et o 09

FEquation 2-9 is complicated but can be simplified
in the following manner. Drop the third term on the

right as negligible, and let
§ = @rk/ndy} T 8, 2-10)

In the calculations, 8 will be taken equal to 0.05.
Also, let an "effective” mass be defined as

1+ W + ¢/3
g

M = 2-11)



Then,  Q is neglected or accounted for in soiiie
other manner, K takes the simple form

Mv?

K==

2-12)

It is customary to take account of the heat loss
Q by adjusting the value of v upward so that the
estimated total available energy of the gas isreduced.
The effect of the heat loss is to reduce the kinetic
energy produced by the gas and has an effect similar
to an increase in the effective mass. Assuming that
the effect can be taken account of by simply in-
creasing the effective niass by a constant factor,

MV?
Q=1-3 2-13)
Then, omitting the covoluiiie term for simplicity
1 MV?
o1l —PU) = ——a Ty,
and if 7 is the adjusted valuc of vy
1 - Ly MV?
- 1(c[ —PU) = 5

so that

y—1_ )

Y17 149 2-14)

In practice fis about 0.15 but may be considerably
larger than this especially in small arms. To- take
account of heat loss then, one simply substitutes
the value of ¥ for y wherever the latter occurs.
Taylor assumed an adjusted value of y equal to
1.30. In what follows it will be assumed that «
has been adjusted so that, in the subsequent text,
y represents the adjusted valuc, unless the heat
loss, Q, occurs explicitly in the equation. For morc
detailed discussion of the heat loss problem, scc
References 2 and 6, also Corner", page 141.

The internal energy of the propellant gas is then
expressed as

_PU,—cn) _ _PU

I e

=5 (2-15)

where

I' is an average pressure conmsistent with the
equation of state and

U, the volunie occupied by the gas
The complete expression for the free volume is

U=AX+ U, —Cuteu—cy  (2-10)

where

A is the area of the cross section of the bore

X the travel of the projectile

/., the chamber voluiiie

u the specific volunie of the solid propellant and
n  the specific covolume of the gas.

Initially X = 0, the free volunie is then
Us = U.y — Cu Feylu — 1) -17)

where ¢, is the weight of the sniall amount of charge
burned before start of projectile motion. Substituting
U from Eq. 2-16 in Eq. 2-15 the equation for the
internal energy of the gas is

I.)
v —1

I= [AX + U — Cu+clu — )] (2-18)
The specific voluiiie of the propellant () is about
17.5 in*/Ib. The specific covolunie (r) (the volunie
apparently occupied by the niolecules in a unit
weight of gas) is approxiniately 27.7 in®/lb. The
specific covolume of the gas is thus about 1.5 times
the specific voluiiic of the solid propellant!. It is
assuiiied here that they are equal, 4 = u for the
sake of simplicity. This assumption is often made
in interior ballistics, but its validity becomes ques-
tionable for high ratios of charge to chamber volume.
With this assumption, Equation 2-17 becomes

Uy=U, — Cu (2-17a)
and from Eqgs. 2-16 and 2-18
U=1U,+ AX (2-16a)

I= y—fT (AX 4+ U, — Cu)  (2-18a)

Substituting from Equations 2-2, 2-12 and 2-18a
in Equation 2-1 the energy equation becomes

Fe MV, P
STt T AX U - () @19)

222 The Equation of Motion

The equation of motion expresses the relation
between the acceleration of the projectile and the
pressure on its base, I”,. Since the unburned pro-
pellant and the gas are being accelerated along with
the projectile and there is also friction at the bore
surface, therc is a pressure gradient in the gas.
The result is that the average pressure, I°, occurring
in Equation 2-19 is not the same as the base pressure,
P,. Furthermore, it is customary to measure the
pressure in a gun at a location at or near the breech.
To solve the equations theoretically and to express

2-5



the result in ternis of the mecasured pressure, .,
some assumption niust be made concerning the
relations between the different pressures. An assunip-
tion commonly used is that

C L C
3L oW T A L oW’

(2-20)

This relation is an approximation based on a
special solution of the Lagrange problem which is
discussed more fully in Chapter 5. Its use is re-
stricted to artillery weapons firing at moderate
velocities. When applied to treatments of high
velocity weapons or to sniall arnis, it yields poor
results. Using Equations 2-11 and 2-20

PR ¢ ) A I )
T U+ oW+ /3 My

If the friction of the bore surface is neglected, the
equation of motion of the projectile is

P,:P:P, =1+ 1

P @21

_ 0+ owdv
AP, = T (2-22)
Substituting Eq. 2-21 in Eq. 2-22, gives
;v
AP =M 5 (2-23)

which expresses the equation of motion in ternis
of the average pressure and the effective mass, 1/,
given by Equation 2-11.

Since
,_ax _
V i 2-24)
the equation of motion may be written
dav <
AP =MV IX (2-25)

2-2.3 The Burning Rate Equation

The burning has been described in Chapter 1.
The arca of the burning surface, which is here
assumed constant, niay be calculated by the formula

. 2c

8 == 2-26)

ow
where

S is the surface arca of the propellant grains

w the web thickness and

p the specific weight of the propellant, that is,
the weight per unit volume.

The rate of regression of the surface is assumed to

2-6

be uniform over the entire surface. Propellant gas
is evolved at a rate
dc

— = pSBP*

a1 2-27)

where

B is the burning rate coefficient and
« is the burning rate pressure exponent, which is
here assumed to be 0.8.

B should be determined for each type of propellant
under actual conditions of use; that is, by adjusting
its value for best fit of the theory to actual firing
records. B is frequently determined froni closed
chamber measurcments but these values usually
yield poor results when used in gun calculations
because the conditions in the gun are very different
from those in the closed chamber. The closed
chamber values are, however, of great value in
determining relative burning rates of different types
and lots of propellant.

2-2.4 Elimination of Variables

The preceding equations involve about a dozen
variables. By straightforward manipulation, they
can be reduced to three equations involving only
four variables: K, P, X and 7. T will be treated
as the independent variable. Differentiating Equa-
tion 2-12, gives

dK = MV dV (2-28)
By substitution in Eq. 2-25.
dK = AP dX (2-29)
Since 4dX = dU by differentiation of Eq. 2-16a
dK =P dU (2-30)
Finally, since dX = V dt by definition
dK = APV dt 2-31)

The right members of these four equations are all
equal. Furthermore, by differentiating Eq. 2-1,

dr = dk tar (2-32)
Now, by Egs. 2-2 and 2-31,
dK APV dt
T ~Fde/ty — 1) (2-33)
which, by Eq. 2-27, niay be expressed
dEK _ — 1)AP

dT FpSBP*



Defining a constant

FpSB
Aly = 1)

and substituting Iiq. 2-12, Equation 2-34 becomes
dK 2K P'""

(2-35)

o =

ar ~NW . (2-36)
Combining Eqs. 2-32 and 2-36
2K pP'™*

R A @37

Substituting Eq. 2-30 in the differential of Eq. 2-15
gives

dK U dP

dl =;/—‘___—1+7_ I (2-38)
Combining the last three equations yields
2K P'™¢  _ dP
vol=wWEr Tt (2-39)
Eliniinating I from Eqs. 2-1 and 2-15
P
Substituting this in Eq. 2-39 and rearranging
produces
dP _ P [ L1 JPEPT }
AT - DT = K) L7 M o
(2-41)
Eliminating U from Eqs. 2-16a and 2-40 gives
U, + AX = g__%@__ﬁ (2-42)

Equations 2-36 and 2-41 form a system of two
first order differential equations in K and P with
T as independent variable, and Eq. 2-42 relates X
to these variables.

2-3 SOLUTION OF THE EQUATIONS
2-3.1 Reduction to Normal Form

Let the system of equations that was just derived
be rewritten:

dK 2K p'=*
&= @)
P _ P [ /2K P- }
dI' (v — )T — K) 2
(2-41)

_ T =Kk =1
Up + AX = 5

(2-42)

In order to obtain solutions which are compatible
with observed results, initial conditions niust be
imposed that represent gun conditions as closely as
feasible. The resistance to the motion of the pro-
jectile during the engraving of the rotating band
is much greater than it is at any later stage. Closer
agreement between computed and observed results
is frequently obtained at small cost in added coni-
plexity by imposing an added resistance correspond-
ing to engraving resistance, which prevents the
projectile from moving until the pressure reaches
a certain value, P,, called the starting pressure.
This has already been taken into account in that
a resistance proportional to pressure varies soiiie-
what like a combination of engraving resistance and
later bore friction,, being large in the carly stage and
small later.

The initial conditions are then

V=0 K=0 P=P, X=0,

=T, = ——, U="U0U, (2-43)
¥y—1
where

U, is the initial free voluine as given by Equation
2-17a namely,

Uy = U, — Cuand 7, (the adiabatic flame
temperature) is derived from Equation 2-43.

In order to facilitate the solution of this systein
by machine methods, three new variables, ¢, w and £
arc defined by the following relations:

T = €10 (2-44)
w= VEK/T (2-45)
w dK

¢~ ar (2-46)

where ¢ is a constant to be defined later (Eq. 2-61>
and ¢ is the new independent variable.
In accordance with these definitions,

@_me_)
e~ 2\ “

where m = log, 10 (approximately 2.3026).
Eliminating dK/dT from Eqs. 2-36 and 2-46, and
differentiating logarithmically, produces

(2-47)

‘—13—~—(1~a)—+1dK (2-48)

w

2-7



Using Iigs. 2-41 and 2-45, this may be expressed

_@_ﬂ{l+l—a|:l_ v /%Pl—aJ}
g T 121 =6 y—1NM o«

2-49)
Finally, using Lqs. 2-36, 2-46 and 2-44, this becomes

L _ _Jugr- a[ Y 9]} ]
medp {2 1~ 1_'}’——1§ (2-50)

From Eqs. 2-46, 23G and 2-45, there results

L_1dK _ P PK_ RKP™ [T
£t wdl  w NM NI s \NK 0

Let T — T, and & — &, when « — 0; then I’ — I,
and

fM a
_—— 2-52
L = V 2 Pll]_“"\/To ( )
Substituting T, from Eq. 2-43, this becomes
g = \}3_7 coVy —1 (2-53)
’ 2 PV ULP,

Since, by definition,

(T=_FpSB
Aly — 1)

this may be written

A A (3-2a)/2
1 pSBF /ﬁ [_1_} 0-54)

“= Ve -1 4 NG LP
Let
= [”SfF g—{]w_w (2-55)
and substitute in Eq. 2-54,
(3-2a)/2
ke
Next define
p =§, so that p, =‘Pn 2-57)
and let
¢o = logp, = logl—)n—0 (2-58)
From Egs. 2-44 and 2-43,
Ty = el0* = % (2-39)

This gives

2-8

U,P,
ey — 1)

Identifying this with Kq. 2-58, produces, from
Eq. 2-55

_nu, U, ['pSFB /y]w—“’ )
E—'y—lm'y—l A Us (2-61)

or, from Eq. 2-35

¢, = log (2-60)

r(2—-2 3-2 312 - 3— 3—
€= L’c(u alY/( a)ﬂ[l/( 211)(7_1)(20( /¢ 2a)0_2/('% 2a)

(2-62)
Also fron1 Eqgs. 2-56 and 2-38 it follows that
3—2a .
logfe = —3log2(y — 1) — —— % (2-63)

Thus the system of Equations 2-36, 2-41 and 2-42
has been changed into the normal form

@zﬂ@_o
b~ 2 \e

d 1 -
s MG - IEEERet

(2-47)

logé, = —3 log2(v — 1) — 3 _2 2a d0 (2-63)
Here, the independent variable is
¢ = log (T/e) (2-44a)

where ¢ is defined by Eq. 2-61, and the dependent
variables are

w = VEK/T (2-45)
dT
f=woe (2-46)

The numerical solution of the normal forin and
its use in computing trajectory data will be dis-
cussed next. After that, some simple methods of
estimating trajectory data will be given, and the
effects of variations in the parameters will be
explained.

2-3.2 Numerical Integration of the Normal Form

The system of equations in normal form represents
a one-parameter family of trajectories. The parani-
eter is the initial value ¢, of the independent variable
¢. This system has been integrated numericall_i/_ by
computer for values of ¢, ranging from —2.5to T1.8
It was observed that the set of curves for ¢, less
than —2.5 tends asymptotically to the solution for
the case of zero starting pressure, which may be
called the “limiting trajectory”. Froin the solutions
working charts have been constructed.



2-3.3 Interior Ballistic Trajectories During Burning

The principal problem of interior ballistic theory
is to determine the pressure history and the travel
of the projectile in the gun. To obtain this informa-
tion, the pressure, P, and the velocity, V, as func-
tions of the time, ¢, or travel, X, are needed, and
also X as a function of ¢. This may be obtained
from the trajectories, which are conveniently divided
into two phases: (1) during burning and (2) after
burning. The first phase will now be considered.

From Equation 2-12, the work done by the gas
is expressed as

_ v
-2

Combining this with the definitions in Eqs. 2-44
and 2-45, yields

K

V/ie = V/2/M10*? (2-64)

From Eqg. 2-36, 2-46 and 2-12,
Y. o (2-65)

w EP *

Equating the right members and simplifying gives

e _ 2 M
P T eV 2

If the values of P are calculated for a fixed¢ = ¢,
trajectory, the point at which the peak pressure, P,
occurs can be located. By taking values from all
the trajectories, I’, can be obtained as a function
of the normal variables « and £.

In Equation 2-40 the free volume was expressed as

(T Ky —1)
U= P

107%2 (2-66)

Substituting the values of 7, K and P from Equa-
tions 2-44, 2-45 and 2-66 niakes

(1 — &y — Del0’

7 M ’¢/2]1/(1-a)
[5 Ve 10

(2-67)

As can be seen from Equation 2-16a,

U—U,
X==

Heunee,

X _ (1 _ w2)€(3—2a)/(2—2a)10(73—_2m)/(2—2a)¢(‘y _ 1) _ .’%

o |70 A
A[s \J?]

(2-68)

For a = 0.8 and y = 1.30, this becomes

1.6968(1 — )¢ °10°°%° U,
Aasz 2.5 A

Equations 2-64 and 2-68 give V and X as functions
of ¢. These quantities can be obtained byroutine
calculation. However, the computation of pressure
and time can be facilitated by the use of a reduced
pressure and a reduced time.

X =

(2-68a)

2-3.4 Reduced Variables

The reduced pressure, 7, is defined by the forinula

p~ — (Elo¢/2)l/(l—a) (2-69)
Then Eq. 2-66 becomes
A7 /o 1/ (1-a)
P [o\/]l[/;el 2.70)

or, using the definitions of ¢ and ¢ Equations 2-3§
and 2-61

91/ 2(&—1)1(7 _ 1)(1—2a)/[2(1—a)]
Usp

For 2 = 0.8 and y = 1.30, Equations 2-69 and
2-71 become

1)

(2-71)

7= (1072’ (2-692)
and
P = 1.076 — -
U (2-71a)
By Equation 2-2 the released energy is
U
T = o1

and by Equation 2-27 the rate of burning is

dc 5
d_f = pSBP
Substituting the derivative of 7" from Equation 2-2
and using the definition of ¢ from Equation 2-35

leads to

dl' = AeP" dt (2-72)
By differentiation of Equation 2-44

dT = mel0® d¢ (2-73)
where ;. = log, 10
Equating the right members gives

dt = Z—;;OT: d¢ (2-74)
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The reduced time is defined by the formula

[4 E,,/(l—~tx)10(2—a)/[2(1—a)1¢ d¢ (2_75)
do
Then, with the help of Eq. 2GG the integral of
Eq. 2-74 may be expressed

m 2 a/l2(1—a)) 6(2—:1)/[2(1—01)1 _ .
I = Z [ﬁ] "—0*——[71—;01—“—‘ t (2—7())
I'or a = 0.8,
b
I= f 10™%" de (2-75a)
do
= dem 2-7Ga
T AeM? (2-7Ga)

2-3.5 Pressure Ratio Chart

The ratio of initial pressure, I’,, to peak pressure,
P,, as a function of

= Lo
pU H

where 1I is defined by Equation 2-55 is shown in
Chart 2-1. This chart permits a determination of 7,
the theoretical maximum pressure, to be expected
for any choice of starting pressure for any given
gun, propellant and projectile system.

2-3.6 Interior Ballistic Trajectory Charts

On Charts 2-2a, -2b and -2¢ several scts of curves
give data froin the interior ballistic trajectories.
The abscissa is @ and the ordinate is log &.

+,-trajectories are solid curves, starting with the
labeled values of ¢ and showing the coordinates
along each trajectory. (Chart 2-2a)

+-curves are dashed curves joining the points of
constant ¢ on all trajectorics. The value of ¢ on
each of these curves is the labeled value. (Chart 2-2a)

P,-curve crosses all trajectories at the points
where the pressure is a maximuin. (Chart 2-2a)

Icurves join points of constant reduced time on
each trajectory, and are so labeled. (Chart 2-2b)

p-curves join points of constant reduced pressure
on each trajectory. They are labeled with the values
of log f. (Chart 2-2¢)

The charts reproduced here are for illustration
purposes only. For use in calculations they should
be reproduced on a much larger scale.

The use of the trajectory charts is as follows.
Estimate a starting pressure, which depends on the
gun and projectile. Bennett' assumed a value of
2500 psi for his tables, but it may be anywhere
from 1000 to 5000 psi. Compute U, A, 8, o and

2-10

e froiii Equations 2-17a, 2-11, 2-26, 2-35 and 2-62,
respectively. Setting v = 1.30 and o« = 0.8 the
latter two equations become

_ pSBF 5 s
7= 034 (2-35)
aiid
g = [0.027UM %" (2-622)
Then compute
UﬂPO
(bo - log 036 (Z_Goa)

This identifies the ¢, trajectory (the set of values
of «, £ and ¢ along the solid line from ¢ = ¢, on
Chart 2-2a) which is applicable until the end of
burning. If “burnt” valucs are denoted by the
subscript b, ¢ becomes

@-77

The intersection of the +-curve for ¢ = ¢, (dotted
line on Chart 2-2a) aiid the +,-trajectory indicates
the point on the trajectory at which the charge
was all buriied, that is the point (w,, £, ¢).

The intersections of the j-curves aiid the I-curves
with the +,-trajectory give the values of the reduced
pressure arid reduced time. (To do this using the
three Charts 2-2a, 2-2b and 2-2¢ requires that the
¢, trajectory be transposed from Chart 2-2a to
Chart 2-2b for {, and to Chart 2-2¢ for j.) (The three
charts have been combined into one so that this
transposition is not necessary. The combined chart
however, is complicated and hard to read unless
made very large. A combined chart was produced
on a large scale at Ballistic Research Laboratories
and copies can be obtained. A reduced copy is
published in Reference 1.) Then the pressure and
tiliic can be computed by Equations 2-71a and 2-76a.
In particular, the “burnt” values, 7, and 7,, can be
found. Also, the peak pressure, 17, can be calculated
froin #,, which is the value of 7 at the intersection
of the P,-curve (Chart 2-2a) and the +,-trajectory.
P, is the theoretical peak pressure which is not
necessarily the same as the actual maximum pres-
sure. It will be the same only if the charge does not
burn out before P, is reached, that is, the time to
reach the theorctical peak pressure must be less
than the time to burnt. If this is not the case,
the actual maximum pressure is the pressure at
burnt, P,.

After ¢, has been calculated from Lq. 2-77, w,
has been obtained from Chart 2-2a, and P, has been
computed, the free volume, U,, the travel, X, and
the velocity, V,, at “burnt” can be calculated by

¢, = logm
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CHART 2-2a. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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CHART 2-2b. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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CHART 2-2c. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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the formulas

2
y, = =it (2-78)
Py
U, —U
X,= =t (2-79)
2 bo/2
Vi = wiy /ﬁ, 107/ (2-80)
2-3.7 Conditions After Burnt
After all the propellant is burned, ¢ = C. With

this substitution, Equation 2-2 shows that the
released energy is

T = re__ constant (2-81)
5y —
As before, the work done by the gas is, Equation 2-12
2
K = M Vv
and the internal energy is, Equation 2-10
_ru
I, = o
Hence, the energy equation may be expressed
FC = PU+ X0V (2-82)
Taking differentials produces,
0=rdUu Yvudipt( - DMVAV  (283)
By Equations 2-28 and 2-30
MV 4V =PdU (2-84)
dP dU o ox
so that =" (2-85)
Integrating with P, and U, as initial values, yields
PUT = PU; (2-86)

Since the right member is a constant, the expansion
is adiabatic; actually, the value of y is adjusted to
account for the loss of heat.

From Equations 2-40 and 2-45, the energy equa-
tion may also be expressed

PU = (@ — 1)(1 =T (2-87a)
At burnt,
PU, = (v — 1)Q — DT, (2-87h)
But after burnt, // = 7', so that
1 — o PU
-
l_wi_PbUb ( 88)
Then, by Eq. 2-86
1 — o U |
= - 5] (2-89)

Henee

U =

U,
(1 _ wi)l/(l—‘ﬂ [
Substituting Lqgs. 2-90 and 2-81 in Eq. 2-87a, gives

_ w2]1/(1—-‘7)

(2-90)

_n FC —  21v/¢r-1)
2711/ (1—7) 1 w
P = [1 — w,,] U, [ ]

(2-91)
By Eqs. 2-82 and 2-86,

— v =1 2 (FC — P,UU'™)
Using Eqs. 2-81, 2

(2-92)

2-87b and 2-90, produces

\/ 2FC
(’Y - 1)1][

The travel is, from Equation 2-16a

U-U,
A

(2-93)

X =
I'rom Equation 2-23

M
dt = P
With ¢, and 1, as initial values, the integral of

this is

dv

Al (Vv
v, P
Substituting Eqs. 2-91 and 2-93 in Eq. 2-94, gives

_ U, 2M _ 2/t
t=t+ 3 \G = pre !l — il

¢ dw
’ o [I — 777070

2-3.8 Time, Pressure and Travel Functions

t=un+7y (2-94)

(2-95)

To facilitate the determination of time, pressure
and travel after burnt, Chart 2-3 has curves of the
following functions of w:

r(w) = f ’ (1 — )™ dv (2-96)
plw) = A — o) (2-97)
1/(0)) = (1 _ w2)~10/3 (2-98)

Using these functionswith y = 1.30, Equations 2-95,
2-91 and 2-90 may be expressed

oM
t=u¥ /11/(0),, Gare | rw)] (299
P = F Cgv(wb) (o) 2-100)
U= y(wb) v(w) @-101)

Then X can be calculated by Eq. 2-16a and V by
Eq. 2-93, with y = 1.30.
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These equations apply from the position at burnt,
denoted by the subscript, b, to the muzzle, denoted
by the subscript, m. If X,, is known, U7, can be
found,

U, = U, t4ax, (2-102)

and then

U,
V(wm) = (]b V(OJ;,)

(2-103)

then w.,, can be determined from the chart.

Finally, ¢., .. and V, can be calculated as
explained above. In practice V,, is divided by 12
to obtain the muzzle velocity in feet per second.

2-3.9 Examples

a. Determine the maxiinum pressure; the time,
pressure and travel at burnt; and the time, pressure
and velocity at the muzzle for the 105mm Howitzer
M4, firing the High Explosive Projectile M1, pro-
pelled by 10 ounces of iiiultiperforated propellant
Mllot —___*

* A “lot” of propellant, is the product of one set of
manufacturing operations such that its characteristics are
essentially uniform, or a combination o such products ob-
tained by blending so that the grains arc thoroughly mixed
and statistical uniformity among charges may be expected,

even though slight variations cxist among individual grains.
The manufacturer furnishes the characteristics o each lot.

Characteristic Symbol Value Unit Remarks
Arca of bore A 13.4 in? Given
Chamber volume Uen 153.8 in® Given
Travel (to muzzle) X.. 80.4 in Given
Weight of projectile W 33.0 1b Given
Starting pressure Py 4000 psi Given
Weight o propellant C 0.625 1b Given
Burning rate cocfficicnt B 0.0011 m/,sec Given

(ps1)?*

Force of propellant F 3.73 X 10¢ in-1b /1) Given
Specific weight t P 0.0571 Ib/in3 Given
Web thickness w 0.0140 in Given
Friction factor e 0.05 Given
Adjusted ratio of specific heats ¥ 1.30 Given
Burning surface S 1564 in? Eq. 2-26
Initial free volume Uy 142.9 in? Eq. 2-17a
Effective mass M 0.0903 12 slugs Eq. 2-11
Constant 4 9.115 X 104 Eq. 2-35
Constant € 5.381 X 108 Eq. 2-62a
po-trajectory o —0.451 Eq. 2-60a
+-curve -2} 0.160 Eq. 2-77
Abscissa of intersection wp 0.323 Chart 2-2a
Ordinate of intersection log £» 0.056 Chart 2-2a
Reduced time curve iy 1.87 Chart 2-2b
Reduced pressure curve log ps 0.670 Chart 2-2¢
Reduced peak pressure curve log 75, 0.660 Charts 2-2a, -2¢
Maximum pressure b, 8870 psi Eq. 2-71a
Pressure at burnt P, 8665 psi Eq. 2-71a
Time at burnt ty 3.91 X 10-3 sec Eq. 2-764,
Free volume at burnt Us 240.9 in3 Eq. 2-78
Travel at burnt X, 7.31 in Eq. 2-79
Free volume at muzzle U 1220 in3 Eq. 2-102
Travel function »(ws) 1.435 Chart 2-3
Travel function () 7.27 Eq. 2-103
Abscissa W 0.670 Chart 2-3
Time function 7{wm) 1970 Chart 2-3
Time function 7(wp) 0.380 Chart 2-3
Pressure function p{wm) 0.075 Chart 2-3
Time at muzzle tm 14.02 X 103 sec Eq. 2-99
Pressure at muzzle P 1040 psi Eq. 2-100
Velocity at muzzle Vi 8789 in/sec Eq. 2-93
Velocity at muzzle Vi 732 ft/sce Eq. 2-93

t The manufacturer customarily gives the specific gravity of the propellant. To obtain the specific weight in pounds per cubic inch, this must be divided

by the specific volume of water. which is 27.68 in?,1b.
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If desired, the foregoing process can be repeated
for selected values of ¢ less than ¢,, and selected
values of w between w, and w,. Interpolated values
of time, pressure, travel and velocity corresponding
to the selected points can then be determined froiii
which pressure-timie, pressure-travel and velocity-
travel curves can be drawn. Figure 2-1 is the pres-
surc-time curve for the preceding example.

b. Determine the weight of the same lot of pro-
pellant that will give a maxinium pressure of 10,000
psi in the saiiie gun, firing the saiiie projectile as
in the first example (par. 2-3.9a), and coiiipute the
resulting inuzzlc velocity.

For this exaiiiple, sonic of the foriiiulas need
revision. First, cquate the right members of Equa-
tions 2-58 and 2-60, and obtain

_u.p,
€ = 0.3p, (2-104)
Also, Equation 2-62a iiiay be expressed
& ]1/10
- [0.027U'§M§ (2-105)

Finally, combining Equations 2-26 and 2-35 yields

Since P, = 4,000 psi, I’,/P, = 0.400. Entering
Chart 2-1 with this ratio, find p, = 0.2933.

Now, a trial and error iiiethod should be used.
Using an estimated value of C, compute U, and
M as in the first example then calculate ¢, ¢ and
C by the foriiiulas above. If the two values of C
are not the same, use the calculated C as the second
estimate, aiid repeat the calculations. I necessary,
repeat again. When both values agree, this gives
the desired iilaxiniuiii pressure ; the muzzle velocity
can then be found as in the first exaniple.
pressure of 8,870 psi, ¢’ must be greater in the present
problem. Paragraph 2-9 will explain how this in-
crease can be estimated; however, for the present,
a charge of 0.800 pound will be assumed.

The following tables give the results of the
computations.

Thus, a charge of 0.709 pound will give a maximum
pressure of 10,000psiand a muzzle velocity of 780 fps.

¢. Determine the weight and web thickness of a
charge of M1 propellant that will give a maximum
pressure of 15,000 psi and a iiinzzle velocity of

., 0.15wA 1000 fps in the same gun, firing the same projectile
C = - T (2-106) . .
FB as in the preceding examples.
' (est) 0.800 0.704 0.709
LA 139.8 111.5 141.5
M 0.09047 0.09036 0.09039
E 6.351 X 10¢ 6.428 X 106 6.424 X 10°
o 1.027 X 10° 1.034 X 108 1.033 X 10°
C (calc.) 0.704 0.709 0.709
by —0.532
1) 0.137
wp 0310
log iy 0.69
P, 9980
Us 238.0
U 1220
wws) 1.43
(o) 7.33
[ 0.6'70
Ve/12 780
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Solving Equation 2-106 for w gives

FBC
W= 5151, (2-106a)
Entering Chart 2-1 with the ratio P,/1’, = 0.2667,

Assume a series of values of C, calculate f ¢
and w by Equations 2-104, 2-105 and 2-106a; and
compute the muzzle velocity as in the first example.
The value of C that will produce a muzzle velocity
of 1000 fps and the corresponding web thickness
can then be found by interpolation. The results of
such a calculation are tabulated below.

Charge, 1b Web thickness, in Muzzle Velocity, fps

1.000 0137 027
1.100 0152 969
1.200 0167 1004
1.188* 0165* 1000

* Interpolated.

d. When the HE Projeetile M1 was propelled by
1 pound of propellant Mi with a web thickness of
0.0140 inch in the 105mm Howitzer M4, a maximum
pressure of 14,200 pounds per square inch and a
muzzle velocity of 920 feet per second were observed.
Adjust the values of the factor € and the burning
rate coefficient, B, so that the calculated results
will agree with the observed ones.

With the known values of P, and P’,, Chart 2-1
can be used to find p,. With this value of p,, £ can
be computed by Equation 2-104. Then w, and log 7,
can be found with the help of Chart 2-2¢, and w,,
with the help of Chart 2-3. With the known value
of V,, the adjusted value of A7 can be computed
by the formula

w2 FC
M =515v2 (2-107)
Solving Equation 2-11 for €, gives
Mg — C/3
g = J’TL -1 (2-11b)

Using the adjusted values of ¢ and A, ¢ can be
calculated by Equation 2-105. Finally, solving Equa~
tion 2-106 for B, vyields

0.15Awo
B="Fc

Thus the factor 6, which accounts for rotational
energy and frictional resistance, is 0.062 instead of

(2- 106b)
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The results of these computations arc given below.

Symbol Value Remarks
A 13.4 Given
U 153.8 Given
Xm 80.4 Given
w 33.0 Given
Py 4000 Given
¢ 1.00 Given
F 3.73 X 10¢ Given
0 0.0571 Given
w 0.01°30 Given
P, 14,200 Given
Vo 11,040 Given

Py/r, 0.2817
Po 0.183 Chart 2-1
be —0.738 Eq. 2-58
(& 136.3 Eq. 2-17a

€ 9.93 X 108 Eq. 2-104
b 0.0075 Eq. 2-77
wp 0.320 Chart 2-23,
log £ 0.102 Chart 2-2a
log fs 0.747 Chart 2-2¢
log pp 0.737 Charts 2-24 -2¢
P, 14,360 Eq. 2-7la
P, 14,040 Eq. 2-7la
(2 2390 Eq. 2-78
U 1214 Eq. 2-102
w(ws) 1.42 Chart 2-3
v(wm) 7.21 KEq. 2-103
Wi 0.670 Chart 2-3
M 0.0916 Eq. 2-107
9 0.062 Iq. 2-11b
T 1.402 X 10° Eq. 2-105
B 0.00106 Eq. 2-106b

the assumed value 0.050;the burning rate coefficient,
B, is 0.00106, which is practically the same as the
closed chamber value, 0.00110.

2-3.10 Dual Granulation Charges

In some guns, especially howitzers and mortars,
two or more charges are used so as to obtain various
muzzle velocities and thus vary the angle of fall
The lowest velocity is obtained with a base charge;
and the higher velocities, by adding increments.

The same velocity can be obtained with different
types of propellant or different web thicknesses by
adjusting the weight of charge. A charge with a
faster burning rate or a smaller web thickness will
produce a higher pressure along the first part of
the travel, and therefore a higher maximum pres-
sure, and a lower pressure along the latter part
of the travel, including the muzzle. It has been
found that the round-to-round dispersion in muzzle
velocity for a given charge is large when the max-



imum pressure is very low. Therefore, it is desirable
to use a fast propellant for the low velocities. How-
ever, the use of such a fast propellant at the high
velocities is likely to make the maximum pressure
exceed the pressure that the gun can stand without
damage.

This difficulty could be solved by using fast
propellant throughout for the low charges and slow
propellant throughout for the high charges. However,
it is inore feasible to use fast propellant for the basc
charge and low increments, and slow propellant for
the additional increments. For howitzers, it is cus-
tomary to use sinall, single-perforated grains for the
low charges and add increment charges of large,
multiperforated grains for the high charges. More
than two granulations could be used, but this is
not customary.

The fundamental theory is the same for dual
granulation as for single granulation, but some of
the equations have to be modified to make them
applicable to dual granulation. It is here assumed
that both kinds of propellant are ignited at the
same time, but the faster propellant is burnt sooner
than the slower propellant.

The subscript 1will be used to refer to the char-
acteristics of the fast propellant, or to the trajectory
during the sininltancous burning of both propellants.
The subscript 2 will be used to refer to the charac-
teristics of the slow propellant, or to the trajectory
during the burning of the slow propellant alone.
The subscript + will denote either 1or 2.

The characteristics of the gun and projectile are
the same as before: the area of the cross section
of the bore, A ;the chamber volunie, U.,; the travel,
X (X, at the muzzle); weight of the projectile,
W, and starting pressure, F,. The characteristics
of the propellants are: the burning rate coefficient,
B, ; the force, I';; the specific weight, p,; and the
web thickness, w;.

Obviously, the total charge is

c=0tc, (2-108)

The surface arca of the grains may be calculated
by the forniula

S, =2C./paw, (2-109)
The initial free volunic is
Uy = Uu — (Q + Q) (2-110)
P1 P2
As before,
105w /3

M = 336

While both propellants are burning, the constants

_ (FpSB), + (FpSB),

o 034 (2-111a)
and

e, = (0.027ULM a7 (2-112a)
The trajectory starts at

b, = lo L1eh (2-113)
ot T P83,

A t the burnt position of the fast propellant,
6, = log F.C\[1 + (FpSB)./(FpSB),] (2-1142)

0.3¢,
On Chart 2-2a, at the intersection of the ¢,,-trajec-
tory and the ¢,,~curve, the coordinates w,, and
log &, are found.
While only the slow propellant is burning,

oy = (FP‘SB)z
? 0.34

The second phase starts at the coordinates w,; and
log ¢-.; and

(2-111b)

log £, = log (£n0s/0,) (2-115)
On Chart 2-2a, the $,,-trajectory and the ¢.,-curve
that cross this point are found. Then, since the
weight of burnt propellant and the pressure are the
same at the beginning of the second phase as at
the end of the first phase,

e = (10%7/10%) (2-112b)
At the burnt position of the slow propellant,
Fc, tre,
0.3¢

On Charts 2-2a, -2¢ at the intersection of the
+,,-trajectory and the ¢s,-curve, wy, and log p.. are
found. At all burnt, then, the pressure is

1.076¢,
P, =5~
L/opzb

¢2 = log (2-114b)

(2-116a)

and the free volume is

Uzb — (]- - wgb)(Flcl + F202)
Pi’b
If the reduced peak pressure curve crosses the
used part of cither the +,,-trajectory or the ¢,.-
trajectory, the intersection indicates the value of
Dip Then, the maximum pressure can be calculated
by the formula

(2-117)

1.076¢,
Uoﬁip
If the p,-curve does not cross either trajectory, Py,
is the actual peak pressure.

At the muzzle, the free volunic is

U, =4X, T U,

P, =

(2-116b)

(2-102)
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After finding v(w,;,) from Chart 2-3, coniputc sure, velocity, and travel at arbitrary values of w
U arc obvious; they will not be given here.
V(Cdm) = Um V(OJQ[,) (2'118)
2b

2-3.11 Example for Dual Granulation Charges

and find “n from the chart. Then the velocity at Determine the maximum pressure and inuzzle
the muzzle is __ velocity for the 105mm Howitzer M4, firing the
Vo= \/w @ 9.119 HE Projectile M1, propelled by 2 ounces of single-

0.3M " (2-119) perforated propellant M8 lot __ and 8 ounces

The modifications of the forniulas for time, pres-  of iiinltiperforated propellant M1 lot

Characteristic Symbol Value Unit Remarks
Arca of bore A 13.1 in2 Given
Chamber volume Ua 153.8 in3 Given
Travel (to muzzle) Xm 80.4 in Given
Weight of projectile w 33.0 h Given
Starting pressure P, 4000 psi Given
Charge: M8 ¢y 0.125 b Given

M1 C, 0.500 1h Given
Total c 0.625 b Eq. 2-108
in/scc .
Burning rate coefficient B, 0.0025 - Given
(psi)o-®
B, 0.0011 Given
Force F, 4.60 X 10¢ in-lb/1b Given
7 3.73 X 108 in-1b/1h Given
Specific weight p1 0.05°71 1b/in® Given
P2 0.0571 1b/in? Given
Web thickness w) 0.0030 in Given
Ws 0.0140 in Given
Burning Surface Sh 1095 in? Eq. 2-109
S 1251 in? Eq. 2-109
Initial free volume Uy 142.9 in3 Eq. 2-110
Effective mass M 0.09031 12 slugs Eq. 2-11a
Constant a1 2.518 X 10° Eq.2-111a
Constant € 2.299 X 107 Eq. 2-112a
$or-trajectory Po1 —1.081 Eq. 2-113
$1p-curve b1 —0.930 Eq. 2-114a
Abscissa w1 0.023 Chart 2-2a
Ordinate log &15 0.782 Chart 2-2a
Constant a2 *7291 X 10* Eq.2-11th
Ordinate log &0 0.241 Eq. 2-115
Por-trajectory Go2 —0.225 Chart 2-2s
¢pa-curve Pao —0.190 Chart 2-2a
Constant & 4.181 X 10¢ Eq. 2-112b
$ap-curve G20 0.299 Eq. 2-114b
Abscissa wap 0.366 Chart 2-2a
Reduced Pressure log pa 0.616 Chart 2-2¢
Reduced peak pressure log fisp 0.567 Charts 2-2a, -2¢
Maximum pressure P, 8510 psi Eq. 2-116b
Pressure at burnt Py *7630 psi Eq. 2-116s
Free volume at burnt Uss 277 in3 Eq. 2-117
Free volume at muzzle Un 1220 in3 Eq. 2-102
Travel function (wan) 1.60 Chart 2-3
Travel function ¥(wm) 7.05 Eq. 2-118
Abscissa Wm 0.665 Chart 2-3
Velocity at muzzle Vi 8921 in/sec Eq. 2-119
Velocity at muzzle Vi 744 ft/sec Eq. 2-119
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2-4 THE HIRSCHFELDER SYSTEM

In the Hirschfelder System it is assumed that
the burning rate is linearly proportional to the pres-
sure, that is, « = 1. With this assumption the
equations are solvable analytically. Hirschfelder does
not assume 5 = w nor that the burning surface is
constant. If the burning surface is not constaiit a
fourth equation, the form function equation, is
introduced into the system of equations to be solved
simultancously. The form of this equation depends
on the shape of the grains and in effect takes account
of the change in the burning surface as the web
burns away. The systeni also assumes a starting
pressure taken as the pressure produced when one
percent of the charge has been consumed. This
can be obtained froin closed chamber data since
until the projectile moves the burning is at constant
volume. The Hirschfelder System is covered coni-
pletely and in detail in Reference 6 of Chapter 1
(Report No. 1)and is presented together with charts
and worliing tables for use in gun design problems.
There is also included a discussion of the thernio-
dynamic properties of propellants.

2-5 “SIMPLE” INTERIOR BALLISTIC
SYSTEMS

2-5.1 General

By neglecting all, or most, secondary effects which
are difficult to evaluate, such as heat and friction
losses and starting pressures, and by making all
or most of the usual simplifying assumptions, a very
simple analytical treatment can be given. Examples
of this are the British RD-38 System (Cf Corner®)
and the Mayer and Hart System’ These systeiiis
result in simple analytic formulas for the variables
and, if the adjustable paraineters are adequately
evaluated by nuiiierous comparisons with firing
records, can yield results valid to a few percent
for standard guns, especially for the larger calibers.
They are also useful in that the interrelations be-
tween the more important parameters are more
obvious than in the more involved systems, so that
they allow a more direct feeling for the interrelations
to develop.

2-52 The Mayer and Hart System

The Mayer and Hart System employs the follow-
ing simplifying assumptions:

(1) the starting pressure and engraving pressure
are zero, that is, the projectile starts to move as
soon as the propellant begins to burn;

(2) the covolume of the gas is equal to the original
charge volume, thatis, n = u;

(3) the burning rate is linearly proportional to the
pressure, that is, « = 1;

(4) the burning surface is constant throughout the
burning;

(5) all terms in the kinetic energy expression are
negligible except those for the kinetic energy of the
gas and the projectile; and

(6) encrgy losses due to friction and heating are
also negligible.

Assumptions (3) and (6) do not affect the form
o the theory, since the neglected energies are taken
account of in practice by adjusting the values of
the weight of the projectile and the specific heat
ratio, v, to some effective values. Consistent with
the practice of other interior ballistics methods, the
kinetic energy of the propellant gas is accounted
for by adding one-third of the ¢harge weight to the
projectile weight, producing an adjusted projectile
weight, TV, equal to projectile weight plus C/3.
The symbol ¥’ will be used in the remainder of
this discussion for the adjusted weight. The value
of y niay be adjusted according to the judgment
or experience of the user. In the preceding method,
according to Taylor, an adjusted value of v of 1.30
is assumed. This value niay not be valid in the
Mayer and Hart method, because of assumption
in the latter method of linear proportionality of the
burning rate to the pressure.

In the following, the original notation of Mayer
and Hart has been changed to conform to that
exhibited in the List of Symbols at the beginning
of Chapter 2. Mayer and Hart also introduced
numerical factors in their foriiiulas to adjust for
the units used. These have been omitted, leaving
it to the user to express the quantities in a consistent
set of units.

The three fundamental equations are then

dc _ 2CBP

= 2_12
at w (2-120)
|-
PU =c¢cF —(y—1)—V* (2-121)
and
W dv
T = PA (2-122)

Mayer and Hart define two ballistic parameters
having the dimensions of pressure

P = <2BCF>2<W' )
? aw / \gU,

2-123)
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and

=C_F

2-12
U, (@124

pe

where U, is tlic initial free volume, cqual to the
chamber volume minus the voluiiic of the chargc.
P, is the pressure which would be developed in
the chamber if there were no motion of the projectile.
If it is assumed that the pressures occurring in
Equations 2-120 and 2-121 are the same, that is,
that the pressure drop in tlic gas can be neglected

7 —1{P, o 1=
(8-l -] e
arid also
7 -1 P(: ¢ -2/ (y—1)

v [ 5 (Be)]
To 2 p

T \=(v—1y/2
e 2oy - (E) ] eam
C ¢ 0

which state tlic relations between tlie fraction of
the cliarge burned and the expansion ratio. Sinee
U = U, AX, Equation 2-126 yields also the
relation between the fraction of charge burned
and the travel.

By Eqgs. 2-125 and 2-127

3 2PB _U_)—y[<y_)wﬂ)/z_ :|
P‘v—l(Uu T, !

The pressure is, tlicorctically, a maximum when

(2-128)

and

o= y% (2-130)
and has tlic theoretical valuc
P = Pylly + 1)7" 04727270 (9.131)

This value will be reached only if /P, 2 y,
that is, if the theoretical maximum pressure is
reached before the charge is all burned. Otherwise
P,.. occurs when ¢/C is equal to unity and the
maximum pressure is then the pressure at burnt.
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The energy of the projectile up to burnout is
given by

{,VI‘V2 B 2P[,~U0 |: <g)—(7—1)/2}2 0 0
5w —o-vl T\ (3182

The coiiditioiis at burnt can be obtained by setting
¢/C = 1in Eq. 2-126 to derive U at burnt, and
substituting {7 at burnt in Eqs. 2-128 and 2-132
to derive P> and V at burnt. The travel at burnt
is derived froin U = U, T 4X.

The correspoiiding values at burnout arc

; B} Pc —2/(y-1)
U, = L’o[l - %(’Y - 1)(Pl,)]

P {(y+1)}/(y—1¥%
Pc[l -3y —1 P—"} (2-132b)
b

(2-132a)

r,

1/2
V, = P(#g—) (2-132¢)
x, =t =U 1 U, (2-132d)

After burnout the gas cxpands adiabatically so
that, when the projectile is at the muzzle, the
pressure is given by (I7,/U,,)"I’;. The pressure when
tlic projectile is at the muzzle is therefore given
froin Equations 2-132a and 2-132b by

(/Y())’Y|: P, -t
L ] — 1 vy —
Im - c([]m 1 2 ]) PB

(2-133)
The iiinzzle energy is given by

W, cr _(U)[ T 1}}
29“‘7—1{1 v.) ' UE,

(2-134)

2-6 THE EFFICIENCY OF A GUN-AMMUNI-
TION SYSTEM

There are two “efficiencies” commonly used to
estimate the effectiveness of a given gun-propellant
system in imparting energy to a projectile. These
are thermodynamic or ballistic efficiency and the
piezometric efficiency.

The former is defined as the ratio of the transla-
tional energy of the projectile at the muzzle to the
total energy of the charge as defined by Equation
2-2, that is

(v — YWV

Thermodynamic Efficiency = 3Chg = (2-135)



The piczometric efficiency is defined as the ratio
of the mean base pressure, which acting during the
travel to the iiiuzzle, would produce the niuzzle
to the flatness of the pressure-travel relation. A high
piezometric efficiency nieans a higher muzzle pres-
sure and the projectile position at burnt further
toward the niuzzle. This will result in increased
muzzle blast and greater round to round variation
in niuzzle velocity.

A Ligh ballistic efficiency results when the charge
is completely burned as early as possible in the
projectile travel. Thus a high thermodyuamic or
ballistic cfficiency corresponds to a low piczometric
efficiency .

2-7 COMPARISON WITH EXPERIMENT
2-7.1 General Considerations

Whatever systeni of interior ballistics one males
use of, when faced with a practical problem in the
analysis of interior ballistic measurements or in the
design of a gun, one must assign values to certain
of the parameters occurring in the theory which
cannot be determined by independent nieans. The
most important of these parameters is the burning
ratc coeflicient which will occur in any fornulation
of the theory. Others are the heat loss ratio which
determines the adjusted value of y, the starting
pressure, aiid the burning ratc pressure exponcnt.
Proper values of these parameters must be de-
termined by adjustment to fit the theory to records
of actual guii firings. To match the theory to
observation by simultancous adjustment of all such
uncertain paranictcrs would be very tedious, and,
in view of the simplifying assumptions made in the
formulation of the theory, unwarranted. One iiiust
make a judgment as to the niost uncertain param-
eters and those to which the solution is most
sciisitive aiid assign approximate values to the least
important ones aiid adjust the others for best fit.’
By a process of trial and crror one arrives at the
best set of values to fit the theory to the experimental
data. It is often possible to estimate approxiinate
or liniiting values of certain parameters theoretically
or by independent measurcments. For example, the
thermodynamic value of y can be calculated aiid
the effective value will be greater than this. The
licat loss could be calculated approximately by the
method of Chapter 3. Relative values of the burniug
ratc constant can be determined for different pro-
pellants from closed chamber measurement.

If one has to deal with guns of unconventional

design such as the so called light gas guns or other
guns operating outside the usual range of pressure
aiid velocity a greater dependence on theory be-
comes necessary. A major difficulty in treating high
performance guns such as modern tank guns is the
proper treatment of the pressure gradient in the gas.
This probleiii is discussed in some detail in Chapter 5.

2-7.2 Experimental Evaluation of the Parameters

a. General Procedures. The interior ballistic quan-
tities that can be iiieasured with modern instru-
mentation are described in Chapter 4. To try to
furnish data on all of these would not be warranted
except possibly for firings carried out in connection
with research in the subject. Usually the data
supplied will be much less extensive and complete.
This will influence the complexity of the theory
used to analyze the data and the procedures followed.
If all that is available arec crusher gage values of
the peak pressure and the niuzzle velocity a very
simple theory such as that of Mayer and Hart may
be adequate.

Iror a more detailed analysis of the interior ballistic
trajectories, the firing records will furnish breech
pressure and projectile travel as functions of the
time. The records will be provided with a common
time scale and fiducial marks to adjust the thne
scales to a coninion zero time (see Chapter 4).
These records are read by nieans of an optical
comparator capable of measuring both horizontal
and vertical displacements on the record. Usually
the trawl-time data are derived froiii an inter-
ferometer record which furnishes values of the time
for cqual intervals of distance. By interpolation,
thcse data arc converted to intervals of distance
for cqually spaced intervals of time so that one
finally has the breech pressure and projectile travel
presented on a common time scale. The travel data
is then differentiated twice to provide values of the
velocity and acceleration of the projectile also as
functions of the tinic. This will require considerable
snioothing and other matheniatical manipulation.
Tor details and references to the mathematical
literature underlying the process sce Reference 7.

To reduce the data in this manner and to make
comparisons with the theoretical foriiiulas in detail
for many records, is a very time consuming process.
To analyze the records from a single firing may take
two or more man weeks if carried out with desk
calculators. Where the necessary automatic record-
measuring and computing equipment is available,
the procedures can be automated and coded for
high spccd computers so that the data froiii a gun
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FIGURE 2-2. Resuli of the Analysis of a Firing Record for a 105mm Howitzer Round (Measured Values € Pressure and Dis-
placement. Velocity and Acceleration Determined by Numerical Differentiation of Displacement)

firing can be processed in a matter of hours.” A plot
o the result of such a record analysis, for a typical
case, is shown in Figure 2-2.

b. The Conditions in the Early Stages of Burning;
the Starting Pressure. From such a record, the pres-
sure at the actual start of motion can be read
directly. From the record shown, it is about 750 psi.
It should be emphasized, however, that the tinie
of start of motion is difficult to determine accurately
because it is difficult to determine from the record
just where the displacement actually begins. This
would be true even if the graph were precisely
determined. Error of reading and reduction will
increase the uncertainty .

The “starting pressure” used in the forinulation
of interior ballistic theories is a quantity quite
different from the actual pressure at the start of
motion. Immediately after the projectile starts to
move, the rotating band engages the rifling and a
large resisting force is developed. After engraving,
the resisting force drops rapidly to a much lower
value. One might expect this to show as an ir-
regularity in the graph of the acceleration in Figure
2-2. It does not do so because the resolution of the
apparatus and the data reduction procedures are
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not sufficient to show it. This is usually the case
unless special methods are used to study the motion
during engraving. A description of one such method
is given in paragraph 4-4.3.

If the acceleration is adequately determined, the
effective pressure, P., on the base of the projectile,
that is the difference between the actual base pres-
sure and the pressure necessary to balance the forces
of engraving and friction, can be determined from
the relation

_Wa

Ag

If a measurement of the base pressure, P,, is
available or if it can be calculated by the use of a
formula such as Equation 2-20, an estimate of the
engraving and frictional force can be calculated from
the difference P,A — P,A. A graph of this force
for a typical 105mm Howitzer round is shown in
Figure 2-3. The observed maximum force of about
45000 pounds, divided by the nominial bore area of
13.4 square inches gives a starting pressure of 3350
pounds per square inch. This compares reasonably
well with the value indicated on Figure 2-1 of
4000 psi.

p. (2-136)



In assigning starting pressures some average value
of the engraving force should determine the assigned
value. The engraving force will evidently be quite
variable from round to round. It will be sensitive
to manufacturing tolerances in the size of the rotating
band, how closely the band fits the projectile and
possibly in the thickness of the projectile wall.

When comparing their theories with experiment,
most authors assign a starting pressure in an ar-
bitrary manner. It is hardly possible to do it in any
other way. The experimental values of engraving
forces can serve only to set some limits on it. In the
Hirschfelder system, for example, the starting pres-
sure is assumed to be the pressure existing when
one percent of the charge has been consumed. Since
the projectile has presumably not moved up to this
time, the starting pressure is that which would be

produced in a closed chamber under similar loading
conditions.

¢. The Rate of Charge Consumption. The amount
o propellant burned up to any specified time can
be determined from the energy balance equation.
This equation, as developed in paragraph 2-2.1, can
be written as

F__PlAX YU, — Cu —c(y —w)]
vy —1 ¥y —1

Ty TQ
where v is the calculated thermodynamic ratio of
specific heats and P is the average pressure consistent
with the equation of state. Q is mainly heat loss
to the tube, but may contain other losses not taken
care of by the definition of the effective mass, M.

(2-137)
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P can be converted to breech pressure by the use
of the ’idduck-Kent solution for the pressure ratios
determined froin paragraph 5-1.1 or by the use of
Equation 2-20 for the case of low velocity weapons.
The value of the effective mass, 1/, may also be
deterniined more accurately by the use of the
Pidduck-Kent solution for the kinetic energy of the
unburned propellant and the gas.

Assuming that P is correctly related to the breech
pressure and that A/ is determined with sufficient
accuracy, ¢ can be deterniined froin Equation 2-137
provided some knowledge of the value of Q is
available.

Q is often neglected entirely because of the dif-
ficulty of incorporating it in the analysis. This may
lead to error, as the heat loss can be a considerable
fraction of the available energy, especially in smaller
weapons or when hot propellants are used. The use
of a nominal value of froiii 5 to 20 percent of 1/17%/2
should improve the analysis; the lower value to be
used for standard cannon, and the upper range for
high velocity guns and sniall ariiis.

Allowing for Q in this manner and substituting
iiicasured values of P, X and V in Equation 2-137
¢ can be calculated for specified values of f and a
graph of c¢ against ¢ plotted. This graph should
approach a limit whey ¢ = C since the charge does
not burn out discontinuously, as the charge is not
ignited siiiinltancously over its entire surface and
the burning rate is not the same everywhere. The
burning surface, and therefore de/di go to zero at
burnout. This may not be obvious on the graph
depending on the shape of the grains and the
effectiveness of the ignition as well as the time
resolution of the data.

Because of errors in the values of P and in the
assigned value of Q, ¢ will not, in general, equal C'
when de/dt becoiiics equal to zero. Since it should
do so a further adjustiiient must be made in P or @
or both to bring it about. As @ is a correction term
its value does not atfeet the adjustment as strongly
as does that of P asud «ince the formulas for the
pressure ratios are admittedly uncertain the adjust-
ment should be brousht about mainly by changes
in the values of P.

After burnout, the right-hand side of Equation
2-137 should remain constant, equal to CF/y — 1.
As V and X increase, P declines, as the gas continues
to do work and lose heat to the barrel. The graph
for ¢ should, therefore, remain at the value C. This
can be brought about by continuing to make the
necessary adjustments in P.

In the interval before burnt, P can be adjusted
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using the same ratio of P to I, (the adjusted value
of P) as was necessary to make ¢ equal to C at
burnt. This is in accord with the usual formulas
which state that the pressure ratios are constant
during burning. This, however, is hardly possible
at the start of motion where the ratio ought to be
equal to unity. A procedure which has been used
in practice is to adjust the ratio linearly with time
from its experimental value at burnt to unity at
the start of motion. A graph of ¢ versus ¢ constructed
in this way, for a 37mm gun firing, is shown in
Figure 2-4.

Once the graph of ¢ versus f has been constructed
in this way an experiniental value of the time to
burnt can be read off ininiediately and experiiiiental
values of the travel and velocity at burnt will be
known from the associated values of X and V.

The graph can also be differentiated and the rate
of charge consumption determined as a function of
time. The surface arca, S, of the burning grains
can be calculated froin the geometry of the grains®
and the linear burning rate, r, at any specified time
determined from the relation

1 dc

o= oS di (2-138)
Since the pressure, P, at the same instant is also
known, a graph of the linear rate of burning versus
P can be constructed. In general this graph will not
be a straight line when plotted on a log-log scale
indicating that the burning rate dependence on the
pressure cannot be represented by a simple power
relation. This is to be expected because the burning
in the gun takes place at different pressures in
different parts of the tube and the average burning
rate will depend on the pressure distribution and
also on how the unburned propellant is distributed.
The rate at any time during the burning depends
also on factors other than the pressure, such as
the velocity of the gas. The graph, however, can be
used to estimate an effective value of the pressure
exponent. A graph of linear burning rate versus
pressure contructed in this way for the 105mm
Howitzer is shown in Figure 2-5. The closed chamber
burning rate for the same propellant is also shown.
Above about 1700 psi the pressure exponent for
the gun burning rate is lower than that for the
closed chamber and below 1700 psi the exponent
for the gun is considerably larger than forthe closed
chamber. It is also considerably greater than unity.
There is no theoretical reason why this should not
be possible.
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2-8 SIMILARITY AND SCALING

When the solution of the equations for a theory
o interior ballistics is attained, the solutions for
particular cases arc found to be characterized by
certain ballistic parameters which are combinations
of the quantities specifying the details of the gun
and charge. What these parameters are and their
form will depend on the way the theory is formulated.
It the characteristics of two gun-ammunition sys-
tems lead to the same numerical values for the
ballistic parameters, the theoretical solutions for
both will have the same forin and the actual solu-
tions can be transformed one into the other by
simple changes of scale.

If now one starts from a standard gun-ammunition
system which has been well studied experimentally
so that the gun-ammunition parameters occurring
in the theory are properly adjusted to match the
theory to experiment and numerical values of the
ballistic parameters are known, the similarity can
be used to predict the trajectories for scaled models
o the standard gun system.

It follows also that in tabulating solutions the
extent of the tables can be much reduced by tabulat-
ing solutions for only certain values of the ballistic
parameters. Solutions for other values can then be
obtained by interpolation. The tables can be con-
verted also into graphs or nomographs from which
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different solutions can be obtained with little
auxilliary computation.

As an example, the effect of increasing all linear
diiiiensions of a gun-aminunition system will be
investigated using Bennett's theory and tables.* The
ballistic parameters aiid the scaling factors of
Bennett's theory are the quantities ¢, A, 7, aiid £
as defined below, aiid to take account of changes
in propellant type a standard specific energy, F,,
is used equal to 15 X 10° in-lb/lb. The effective
projectile weight is talken as

w=w +tc/3 (2-139)
and weight ratio is defined as
ke el
. % (2-140)

where It is the weight of gun and recoiling parts.
The quickness, ¢, is then defined as

(E/Eq)7/ﬁc7i{f(IV/)]/2
wA(l Te)

(2-141)

= Y1

where ¢,, which depends on the type, teiiiperature
and moisture content of the propellant, is determined
empirically.

A, the density of loading, is defined by

A= U.C/U., (2-142)

where U, is the specific volume of water. A, so
defined, is actually a specific gravity of loading and
is dimensionless. It is numerically equal to density
of loading in grams per cubic centimeter. The pro-
jectile travel, X, is given in terms of the expansion,
s, as defined by

s=1%@/u.)x (2-143)

Three of Bennett's tables tabulate values of pressure,
P,, velocity, V,, and tiiiie, ¢,, as functions of q, A
and s. The actual values of P, 7" and ¢ are related
to the tabulated values by the following relations

P = (E/E)P, (2-144)

so that if the propellant is not changed the actual

pressure is the tabulated one.
V =1V, (2-145)

where v = . (E/E)U../W)* and r, is again a
factor to be deteriiiined empirically.

t = ({£/r)t, (2-146)
where
= ——bi——— 2-14
= A0+ 0 (2-147)

Now consider the effects of changing all linear
diiiiensions of the gun-ammunition system by a
factor, f. The composition of the propellant will
not be changed so that // is not changed but the
web and other diniensions of the propellant will
change by a factor, f. 4 will change by f°. U.., &, W
and (7 will all change by /°.

It follows from Equations 2-141 and 2-142 that
q aiid A remain uuchanged so that the tabulated
values of pressure, velocity arid time remain un-
changed for the same value of the expansion, s.
The actual value of the pressure is the tabulated
value and since r is also unchanged the velocity is
the same for the same expansion. The displacement,
X, will be changed according to Eq. 2-143, the second
term on the right being divided by f. Since ¢ is
changed by a factor, f, the time scale will be mul-
tiplied by f so that it will take f times as long to
reach the sanie expansion.

2-9 EFFECTS OF CHANGES IN THE PARAM-
ETERS

To be considered chiefly are the effects on muzzle
velocity, V,. aiid maximum pressure, P,, due to
changes in C, U.,, X,, W, w and E. A change in
C and/or U, iiiay be expressed as a change i A
Equations 2-26 and 2-27 show that the effects of
a change in B is equal to the same proportional
change in w, but in the opposite sense; that is, a
10 percent increase in B produces the same effect
as a 10 percent decrease in w.

The effects are usually expressed as differential
coefficients, which are defined by the formulas
(See: List of Symbols)

Grmafp e, ey, 00
+x ‘;ﬂ O ';—1 (2-148)
5 = % (2-149)
(g:’ =a1%q+61 GLEJ:_'_ 771%;"{_’\'1?”_1”—}_/\1%@
(2-150)
5, = ]% (2-151)

These differential coefficients may be determined
either experimentally or theoretically by changing
onc of the parameters at a time. In testing a new
lot of propellant or a new projectile, it is customary
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TABLE 2-1. DIFFERENTIAL COEFFICIENTS FOR ARTILLERY WEAPONS
No. of Caliber of Velocity Coefficients Pressure Cocfficients
Propellant Values Weapons
Composition Considered  Considered a B Y ] & AL 81 " K1 A
Mean 57 —.17 21 —36 —.26 .82 142 — 79 62 —1.20 2.50
M1 Single-Base 39 37mm-8-inch Max .66 —26 .33 —47 —.59 119 183 —1.62 .78 —1.58 2.81
Min 47 —.05 .13 —20 —.06 .57 .88 — 39 47 — .96 212
Mean 62 —.21 21 —32 —30 .85 1.79 — 98 .67 —1.51 2.76
M6 Single-Base 36 57mm-240mm  Max 72 —27 30 —42 —.69 130 202 —1.28 88 —1.64 291
Min 52 —.15 .13 —.15 —.16 .69 1.23 —.35 .60 —120 251
Mean 59 —.18 .21 —35 =29 84 161 — 91 .63 —137 2.60
R12 Double-Base 11 37mm-90mm  Max .66 —.23 25 —48 —.55 1.14 1.88 —1.22 .67 —148 2.73
Min .53 —07 .18 —.20 —.10 .62 1.25 — 63 .60 —1.22 242
Mean .67 —.23 23 —24 —.44 1.00 2.04 —1.19 .61 —148 2.73
M17 Triple-Base 9 76mm-120mm  Max .73 —28 27 —29 —.60 1.10 233 —1.40 .68 —1.51 276
Min .64 —20 .19 —.16 —36 92 1.64 — .90 .39 —1.35 2.58
to use a series of charges of increasing weight, plot ~ where
the observed values of muzzle velocity and maximum W W
pressure, and draw smooth curves to fit the points. D, = 55 — 55
. o . 2W° R
Although this is done primarily to determine the
charge that will give the required inuzzle velocity v =%(—x) +05 (2-155)
and to see whether the maximum pressure exceeds +
that for which the gun was designed, the curves ar = Di(—«) T 8 (2-156)
also indicate the effects of changes in weight of -
. . . By = 0.5(—x) — § (2-157)
charge. The effects of a change in projectile weight
can be determined by compargtive fir'mgs of pro- m = Da(—x) (2-158)
jectiles of the same model but different weight. +
Taylor’s charts have not yet been used to cal- A= F(~r) T (2-159)

culate the differential coefficients. The coefficients
for single perforated grains have been computed by
means of Roggla’s charts,” averaging the effects of
a 10 percent increase and a 10 percent decrease in
each parameter. The coefficients for multiperforated
grains have been computed by means of Bennett’s
tables, averaging the effects of one tabular interval
increase and decrease in ¢, A and s to find —«, 6,
v, —«, and 8, then calculating the other coefficients
by the forniulas'®,

a = D)t —crom (2-152)
where
p ..C €
YT oW’ 2R
w =w Ftc/3
R =R tw+¢p
B=05-) —5—vT05 (2-153)
7 = Dy(—x) — W/2W (2-154)
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Table 2-1 gives the average values of the dif-
ferential coefficients for artillery weapons. Table 2-2
gives the values of #, 8, 7, and 8, for standard

weapons.
Following are some estimated values for recoilless
rifles :
a = 1.0
7 = —0.63
a =2.4
7, = 0.62

2-10 SIMPLE GRAPHICAL METHODS

Numerous schemes have been devised by interior
ballisticians for making rapid approximate calcula-
tions of certain interior ballistic variables especially
o maximum pressure and muzzle velocity. These
schemes are formulated in ternis of a set of param-
eters chosen so that their form and interrelations
can be determined by the use of some simplified



theory such as that of Mayer and Hart and that  iables such as maximum pressure and muzzle velocity
their specification does not involve a knowledge of  so that the latter can be determined once the proper
unknown quantities such as starting pressures or  values of the paraineters are known.

burning rates. Charts or nomograms are then con- Such a scheme is that published by Strittmater’’
structed showing the relation between the chosen  which is presented in a single working chart (Chart
parameters. The charts or nomograms are adjusted 2-4). The theory used is that of Maycr and Hart
to their final form by fitting to numerous firing  supplemented by a further assumption that bore
records. In solving a practical problem the given  friction is proportional to chamber pressure. This
data will permit the evaluation of certain of the  assumption is used to improve the agreement be-
parameters and from the charts or nomograms the  tween the chart and experiment by adjusting the
proper values of the others can be read off. The  effective projectile weight.

parameters are known functions of the desired var- The resulting effective weight is defined as

TABLE 2-2. VALUES OF 4, 8, my AND 8 FOR STANDARD WEAPONS

Coefficient
Weapon, Projectile Crushei| Velocity Pressure
Gun Vel., | Press, —
Model | Type |Wt, 1| Lot Type [Web, inj Wt Yone| fps psi n B | m I B1
M42A1 HE 12.80 | 60105-S [ MP, M6 | .0365 | 55.72 0z 2700 37100 | —.31| —.21 .65| —1.17
76mm M1 M62A1 | APC-T| 15.40(17636-R| MP, M6 | .0419 | 61.17 oz 2600 | 42300 | —=35| —.22]|.69 —1.18
M352 HE 15.00 [60105-S | MP, M6 | .0365 | 55.01 0z 2400 | 28400 | —.38 | —.19|.69 — 82
76mm M32 M339 AP-T | 14.50 (63848 MP, M17| .0565 | 85.400z 3200 | 44800 | —.30| —.21|.66 —1.18
90mm M} M71 HE | 23.40| 17665 MP, M6 | 0496 |115.13 0z 2700 | 36600 | —.30 | —.22|.68  —1.01
90mm M36, M71El | HE-T | 23.40 | 63439 MP, M1 | .0340 | 8538 oz 2100 | 35800 | —.39| —.21|.67  — .90
M41 T91 HE-T | 18.00 |38740-S | MP, M1 | 0267 | 72.46 0z 2400 26500 | =38 | —.21| 66 — .78
M318A1| AP-T | 24.10 |38714-S | MP, M17| .0784 |141.58 oz 3000 | 44000 | —.24| =23 | G5 —1.22
120mm M1 M73 HE | 50.00|38470-S | MP, M6 | .0674 | 23.381b 3100| 37200 | —.30| —24|.66 | — .97
M356 HE | 50.40 |38723-R| SP, M15 | .0344 12.241b 2500 | 38500 | —.39 | —.21| .57 — .82
120mm M58 | M358 AP-T | 50.85|33879-S | MP, M17 .1140 | 2043 1b 3500 | 44800 | —.23 | —.25|.62 | —1.21.
20.68 1b
155mm M2 MI01 HE | 05.00 [30348-S | MP, M6 | .0559 | Reduced 2100 | 17300 | =35 | —.21 |61 | — .69
30.80

Full 2800 | 38600 | —.37 | —.24 | .67 — .90

16607-S | MP, M6 | .0839 | 80.891b

Reduced 2600 | 29300 | =31 | —.25(.66| — 80
M10 Charge 9227 1b
Normal 2850 | 37600 | —.42| —26|.88| — .86
8 in M1 M103 HE 240 8501-S | MP, M6 | .0691 53.00 1b
Reduced 2100 | 18700 | —.34| —.22| .64 | — .6G
M9 Charge 74.50 1b
; Normal 2600 | 33500 | —.34| —.25[ 66 — .78
280mm T131 | M124 HE 600 |39370 MP, M6 | .0688 52.831b 1 1380| 8800 | —.39 60
60580 100
90.151b | 2 1780| 15400 | —.39 .60
118.701b | 3 (2100 22000 | —.39 .64
156.021b | 4 |[2500]| 33400 | —.38 .65
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TABLE 2-2. (Continued)
| Cocfficient
|
Weapon, Projectile Propellant | Jrusher| Velocity Pressure
Howitzer Vel, | Press, | ——— — ———
Model | Type |Wt, 11 Lot Type |[Web, in Wt Zon | fps | psi 7 B8 mn B
8550z 1 | 630 GGOO | —.48 —.18 .62 67
0.980z| 2 | 710| 8200 —48 —.17|.62 — .67
12.510z| 3 | 780| 9000 | —48 —.18|.62 — .69
105mm M2A1 | ML HY |33.00|61080 |SP, 0143 | 163loz| 4 875 11000 | —44 —.14 57 58
31180 | MP, ML | 0262 | 22.080z| 5 | 1020| 14300 | —43| ~.15|.6¢ — GO
30850z 6 |[1235 19800 | —.42| —.16|.66 | — .69
45240z 7 |1550| 31000 | —.40| —.18| 69| — .85
53460-S | MP, M1 | .0334 | 4161b| 3 | 880/ 5500| —.33 —.11| .50 — .46
5321b | 4 (1020 7000 | —.33| —.15 .55 49
MtAL Charge 7.05tb | 5 | 1220 10200 | —.34| —.17 GO — .58
9821b| 6 | 1520 17500 | —.37 —.20 .64 — 69
13.191b | 7 | 1850| 31000 | —.38| —.23| .67 — .81
155mm M1AL | M 107 oI | 95.00| 3742-8 [SP, M1 | .0165
1.051b| 1 G, 4800 | —46 —.12(.62 — 48
24416 | 2 | T70| 6200 —.46| —.13|.62| — .50
3.000b [ 3 | 880 8400 —.d6| —.14 62| — 51
3.081b | 4 |1020] 12000 | —.46| —.I18 62| — .57
550 | 5 [1220] 18900 | —45| —20/ .61 — .73
8205-5 | 8P, M1 I.0161 5.331h 1 820 7600 | —.43| —.12 58 — 47
6281 | 2 | 900 9600 | — 44| —.13 .60 — .49
7521 | 3 | 1000| 12400 | =44 —.15|.62| — .55
M1 Chnrge 9.541b | 4 | 1150| 17100 | —.44 —.15| GO| — .65
13.161b | 5 | 1380] 27000 | —.45 —.16 .56 — .84
8in M2 M106 HE [ 200.0¢
10567-S | MP, M1 | .0414 | 16621t | 5 | 1380 12900 | —23 ~—.13|.60 — .70
21.84Th | 6 [1640| 19800 | —26| —.16| .66 — .85
28.051b | 7 [1950| 32000 | —.20| —.18|.68| — .99
43641 | 1 1500 10400 | —.30| —.16 | GO | — .63
240mm M1 | Mil4 1 [360.0( | 63310 |[MP,. M6 | .0719 | 54.011b| 2 | 1740 15100 —.31| —.18 64 — .65
66591b | 3 2020 22900 [ —.34| —.21 66 — .79
70.751b | 4 | 2300| 34000 | —.35| —.2%.i0| — .89
\
W.=W+45X10"dX,/Vi  (2-160) _ W+ BV (2-162)
2P, U,
The parameters are presented on Chart 2-4. They i
. . . . . L’f"‘
are in reduced forin arid are the following: T =g (2-163)
¢ therniodynaniic efficiency ’
iczometric cfficienc F(C
£ P cineiency. Po= e (2-1G4)
x  volume expansion ratio PU,
r energy ratio ‘
Y pressure ratio y = ]?" (2-165)
¥ a

They are defined by the following equations

2gFC

(2-161)
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Equation 2-162 is in accord with the definition in
paragraph 2-6, when V,, is defined as the product
of the bore arca multiplied by the projectile travel
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to the iiiuzzle and P, is defined as the space mean
pressure at the timc of maximum pressure. The
latter iiiay also bc called the space mean pealk
pressure.

With Equation 2-160 substituted in Eqs. 2-161
and 2-162 using the numerical values 1.30 and 3G
for v and g, the ballistic and piezometric cfficicucies
inay be expressed

o oy s x 107 ax,

e =3.80 X 10 7C
(2-1612)
: = mEovi tsxantax, (2-162a)
772P, U,
Solving the foriiier for V%, gives
pe o 29TAFCe = 5 X 10%dXy o e

wt o3
If the maximum breech pressure, P.,, is given,

the space mean peal; pressure, P,, is calculated by
the forniula

s W +0/3

_ (2-167)
Py =gz le

The initial free volume is defined by Equation
2-17a as

Lvn = (J;h — CU,

The free volunic at the muzzle is defined by Equa-
tioii 2-102 as

U, =U, tax,,

Theoretically, if any two of the reduced parani-
eters are known, the other three can he evaluated
by means of the chart.

The use of the chart will be illustrated by an
example. The data were taken from the firing record
for a caliber .30 gun, firing a 150.5-grain bullet,
propelled by 50 grains of a certain lot of propellant.
The characteristics of the gun and charge are:

Characteristic Symbol Value Unit Remarks
Propellant

weight C 0.00714 1b Given
Specific force r 4.023 X 10¢ in-lb/lb  Given
Specific volunie 7 17.5 in3/lb  Given
Chamber volume 7o 0.258 in? Given
Area of bore A 0.0735 in? Given
Bore diameter d 0.30 in Given
Travel to muzzle Xn 2179 in Given
Projectile weight W 0.0215 b Given
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To calculate at least two of the parameters one
also needs to know either the muzzle velocity or
the space mean peak pressure. One or both of these
will normally be specified in any gun design problem.
In the present exaiiiple the maximum breech pressure
will be assui